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STUDY OF A FAIL-SAFE ABORT SYSTEM  FOR AN ACTIVHLY COOLED 
HYPERSONIC  AIRCRAFT, VOLUME I,  TECHNICAL SUMMARY 
by C. J. P i r r e l l o  and R. L. Her r ing  
McDonnell A i r c r a f t  Company 
1. SUMMARY 
A d e t a i l e d  s t u d y  was conduc ted  to  concep tua l ly  des ign  and  eva lua te  a 
f a i l - s a f e  a c t i v e l y  c o o l e d  s t r u c t u r a l  s y s t e m  w h i c h  w i l l  b e  u s e d  i n  a n  a b o r t  
mode f r o m  c r u i s e  Mach numbers of 3 t o  6.  
The s p e c i f i c  o b j e c t i v e s  of t h i s  s t u d y  were: 
o To de termine   and   eva lua te  means  of f a i l u r e  d e t e c t i o n  o f  t h o s e  a c t i v e  
c o o l i n g  s y s t e m s  f a i l u r e s  r e q u i r i n g  a b o r t .  
o To o p t i m i z e  a b o r t  mode d e s c e n t  t r a j e c t o r i e s  f o r  c r u i s e  Mach numbers 
of 3 t o  6 f o r  minimum h e a t  l o a d .  
o To d e f i n e   a n d   e v a l u a t e   t h e r m o s t r u c t u r a l   c o n c e p t s   f o r   a c t i v e l y   c o o l e d  
s t r u c t u r e  w h i c h  w i l l  minimize both weight and maximum s t r u c t u r a l  t e m p e r a t u r e  
d u r i n g  t h e  a b o r t .  
The b a s e l i n e  a i r c r a f t  c o n f i g u r a t i o n  u s e d  t h r o u g h o u t  t h e  s t u d y  w a s  a Mach 
6 a c t i v e l y   c o o l e d ,   l i q u i d   h y d r o g e n   f u e l e d ,   t r a n s p o r t   ( R e f e r e n c e   ( 2 ) )   w i t h  a 
c o o l e d   s u r f a c e  area of  2980 m2 ( 3 2 , 1 3 4   f t 2 ) .   F i g u r e  1 i l l u s t r a t e s  t h e  a i r c r a f t .  
FIGURE 1 
BASELINE  AIRCRAFT  CONFIGURATION 
The Mach 6 des ign  was u s e d  f o r  Mach 3 and 4.5 s t u d i e s  i n  a d d i t i o n  t o  Mach 
6 .  T h i s   a i r c r a f t  i s  f a r  from optimum a t  the   reduced   speeds .  However, use  of 
t h i s  c o n f i g u r a t i o n  t h r o u g h o u t  t h e  s t u d y  r a n g e  o f  f l i g h t  s p e e d s  s e r v e d  its pur- 
pose. It provided a l a r g e  h y p e r s o n i c  b a s e l i n e  a i r c r a f t  d e s i g n  w i t h  known 
c h a r a c t e r i s t i c s  w h i c h  were compa t ib l e  wi th  s tudy  ob jec t ives .  The a i rcraf t  
# 
w a s  h e l d  t o  a f i x e d  s i z e  f o r  a l l  s t u d y  Mach numbers .   Thus,   the   resul ts  
ob ta ined  are not  miss ion ,  or  range  dependent .  
A v a r i e t y  o f  t r a d e  s t u d i e s  were conduc ted  in  the  areas of cooling system/ 
a c t i v e l y  c o o l e d  s t r u c t u r e  f a i l u r e  d e t e c t i o n ,  a b o r t  d e s c e n t s  f r o m  c r u i s e ,  a n d  
t h e r m o s t r u c t u r a l  d e s i g n  i n  o r d e r  t o  e v a l u a t e  t h e  f a i l - s a f e  s y s t e m s .  
It was de te rmined  tha t  ove ra l l  ope ra t ion  of t h e  b a s i c  a c t i v e  c o o l i n g  s y s -  
tem can  be  mon i to red  fo r  f a i lu re  by convent iona l   ins t rumenta t ion .  The com- 
p l i c a t i n g  f a c t o r  i n  d e t e c t i o n  of a f a i l u r e  is  t h e  l a r g e  s u r f a c e  a r e a  of t h e  
a i r c r a f t .  A p romis ing  concept  for  sens ing  a h igh  out -of - to le rance  sk in  tern- 
p e r a t u r e  is i d e n t i f i e d .  
The  low h e a t  l o a d  d e s c e n t  t r a j e c t o r i e s  s e l e c t e d  f o r  a b o r t  f r o m  c r u i s e  
Mach number are a l l  maximum g- load  pul l -up  maneuvers  wi th  t rans i t ion  to  a h igh  
l i f t  c o e f f i c i e n t  d e s c e n t .  A i r c r a f t  a n g l e  of a t t a c k  was l i m i t e d  t o  20  degress .  
T h e s e  d e s c e n t  t r a j e c t o r i e s  were found t o  b e  v e r y  e f f e c t i v e  i n  t h e  r e d u c t i o n  o f  
a i r c r a f t  t o t a l  h e a t  l o a d .  In genera l ,   the   descent   hea t   load   ranged   f rom 32 t o  
25 percent  o f  normal maximum l i f t - t o - d r a g  r a t i o  d e s c e n t  h e a t  l o a d  f o r  s t a r t  o f  
a b o r t  Mach numbers  of 3 and 6 ,  r e s p e c t i v e l y .  
A l a r g e  number o f  po ten t i a l  cand ida te  the rmos t ruc tu ra l  concep t s  were 
s c r e e n e d  a n d  e v a l u a t e d  f o r  p o s s i b l e  a p p l i c a t i o n  t o  a i r c r a f t  d e s i g n e d  f o r  o p e r -  
a t i o n  w i t h i n  t h e  Mach 3 t o  6 f l i gh t   r eg ime .  The the rmos t ruc tu ra l   concep t s  
f i n a ' l l y  s e l e c t e d  f o r  Mach 3 ,  4.5  and 6 c r u i s e  were designed based on both 
c r u i s e  and  abor t  cons ide ra t ions  and  p rov ide  adequa te  abor t  capab i l i t y .  
Three  spec i f ic  po in t  des ign  "Fai l - safe  Sys tems ' '  were conceptua l ly  
developed.  Figure 2 summar izes   the   weights   for   these   sys tems.  
An ext remely  impor tan t  cons idera t ion  was t h e  a b i l i t y  o f  t h e  t h e r m o s t r u c -  
t u r a l  c o n c e p t s  t o  restrict  the  abso rbed  hea t  t o  a l e v e l  e q u a l  t o ,  o r  less than ,  
t h e  h e a t  c a p a c i t y  of the   hydrogen   fue l   f low.  A l l  th ree   conceptua l   "Fa i l -Safe"  
system designs m e t  t h i s  r e q u i r e m e n t  as shown i n  F i g u r e  3 .  
. 
T h e  h y d r o g e n  f u e l  h e a t  s i n k  c a p a c i t y  i l l u s t r a t e d  i n  F i g u r e  3 was der ived 
f r o m  t y p i c a l  c h a r a c t e r i s t i c s  of  duct  burning turbofan engines  a t  Mach 3 ,  and 
f o r  t h e  Mach 4.5  and 6 cases, turboramjet  engines .  
2 
ailure  Detection 
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FIGURE 2 
FAIL-SAFE  SYSTEM  WEIGHTS 
I Fail-safe System Point Designs 
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FIGURE 3 
FAIL-SAFE  SYSTEMS  HEATSINK  REQUIREMENTS  ARE LOW 
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2 .  INTRODUCTION 
P rev ious  s tud ie s  o f  hydrogen  fue led ,  h igh  speed  t r anspor t  a i r c ra f t  wh ich  
u t i l i z e d  a c t i v e l y  c o o l e d  s t r u c t u r e  showed the  concep t  has  po ten t i a l  advan tages  
ove r  ho t  s t ruc tu res .  The  use  o f  hydrogen  fo r  fue l  p rov ides  a h e a t  s i n k  
s o u r c e  f o r  t h e  a c t i v e  c o o l i n g  s y s t e m  t o  u s e  i n  r e d u c i n g  a i r c r a f t  s k i n  a n d  
s t r u c t u r a l   t e m p e r a t u r e s .  The reduced  temperature   a l lows  the use of  conven- 
t i o n a l  low tempera ture  material which may provide  a l o n g e r  u s e f u l  l i f e  a n d  a 
reduced cost  compared to  some o f  t he  more exo t i c  h igh  t empera tu re  materials. 
However, t h e r e  are s t i l l  numerous problems which require investigation 
b e f o r e   a n  optimum, w o r k a b l e ,   s a f e   a i r c r a f t   s y s t e m  i s  designed.  Redundant 
systems are heavy and may n o t  p r o v i d e  t h e  b e s t  o v e r a l l  a p p r o a c h  t o  s a f e  a i r -  
c r a f t .  I n  a d d i t i o n ,  t h e r e  may be   fa i lures   which   cannot   be   nega ted  by redundant 
systems.  Reference ( 3 )  i nd ica t ed   t ha t   w i th   h igh ly   e f f i c i en t   ae rodynamic   and  
p ropu l s ion  sys t em approaches ,  t he  no rma l  c ru i se  fue l  f l ow would n o t  b e  s u f f i -  
c i e n t  t o  c o o l  t h e  e n t i r e  a i r c r a f t .  T h u s ,  e i t h e r  a n  a d d i t i o n a l  e x p e n d a b l e  h e a t  
s ink  source  wou ld  be  r equ i r ed  o r  t he  hea t  l oad  to  the  coo l ing  sys t em would have 
to   be   reduced .   These  are impor tan t   i s sues ,   however ,   the  more compel l ing   i s sue  
i s  i n s u r i n g  t h e  s a f e t y  o f  t h e  a i r c r a f t  i n  a l l  p o s s i b l e  s i t u a t i o n s .  
Reference ( 4 )  presented  a fa i l - sa fe  sys tem concept  as a n  a l t e r n a t i v e  t o  a 
redundant   ac t ive   cool ing   sys tem.   This   concept   cons is ted  of an  abort   maneuver 
by t h e  a i r c r a f t  and a pass ive  thermal  pro tec t ion  sys tem (TPS) i n  t h e  form  of 
o v e r c o a t  m a t e r i a l  f o r  t h e  a i r c r a f t  s k i n .  The abort   maneuver  provides a low- 
hea t - load  desccnt  f rom normal  c ru ise  speed  to  a lower speed a t  which cooling i s  
unnecessary,  ar;d t h e  p a s s i v e  TPS a l l o w s  t h e  a i r c r a f t  s t r u c t u r e  t o  a b s o r b  t h e  
abor t   hea t   load   wi thout   exceeding  c r i t i c a l  s t r u c t u r a l  t e m p e r a t u r e s .  I n  a d d i -  
t i o n ,  t h e  p a s s t v e  TPS  may so lve  the  fue l  f l ow p rob lem,  a consequence which 
igould be most \.;elcome. 
On t h e  b a s i s  of pre l iminary  resu l t s  ob ta ined  dur ing  conduct  of  Reference  
( 4 ) ,  i t  appea red  tha t  t he  f a i1 ; sa fe  sys t em concep t  war ran ted  fu r the r  cons ide r -  
a t i o n .   T h u s ,   t h i s   i n v e s t i g a t i o n   l a i d   t h e   f o u n d a t i o n   f o r   t h e   s t u d y   s u m m a r i z e d  
h e r e i n .  
The overa1.l study emphasis -was placed on the  conceptua l  des ign  and  eval- 
u a t i o n  o f  f a i l - - s a f e  s y s t e m s  d e s i g n e d  f o r  u s e  i n  a b o r t  modes f r o m  c r u i s e  Mach 
numbers  of 3 tcg 6 .  T h e  f a i l - s a f e  c o n c e p t  d e p e n d s  o n  t h r e e  b a s i c  f a c t o r s ;  a 
5 
r e l i a b l e  method o f  d e t e c t i n g  a f a i l u r e  o r  m a l f u n c t i o n  i n  t h e  'active c o o l i n g  
sys t em o r  coo led  s t ruc tu re . ,  t he  op t imiza t ion  of a b o r t  t r a j e c t o r i e s  w h i c h  m i n i -  
m i z e  t h e  h e a t  l o a d  t o  t h e  a i r c r a f t ,  a n d  f a i l - s a f e  t h e r m o s t r u c t u r a l  c o n c e p t s  t o  
minimize both the weight  and the maximum t e i n p e r a t u r e  t h e  s t r u c t u r e  w i l l  r each  
dur ing   descent .   Thus ,   s tud ies  were conducted   in   these   . spec i f ic  areas. 
The o v e r a l l  s t u d y  l o g i c  is i l l u s t r a t e d  b y  F i g u r e  4 .  E a c h  o f  t h e  f i r s t  
t h r e e  t a s k s ,  w h i l e  d i s t i n c t i v e l y  d i f f e r e n t  e l e m e n t s ,  i n v o l v e d  a n  a p p r e c i a b l e  
. amount   o f   in te rac t ion .  The o v e r a l l   i n t e g r a t i o n   o f   t h e   t h r e e   e l e m e n t s   e v a l u a t e d  
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Active cool ing systems have a number  of p o s s i b l e  modes of f a i l u r e  
. i nc lud ing  failures of  pumps, v a l v e s ,   h e a t   e x c h a n g e r s ,   d i s t r i b u t i o n   l i n e  o r  
pane .1  coo lan t  pas sage  r e s t r i c t ion  o r  rup tu re .  The pr imary   concern   in   de tec-  
t i o n  of f a i l u r e s  w a s  a s s o c i a t e d  w i t h  i n d i v i d u a l  a c t i v e l y  c o o l e d  s t r u c t u r d  
p a n e l  f a f l u r e s  s u c h  as c racks  p ropaga t ing  in to ,  o r  through,  coolant  tubes 
i m p a c t  damage o r  i n d e n t a t i o n  r e s u l t i n g  i n  c o o l a n t  f l o w  r e s t r i c t i o n ,  o r  
s e p a r a t i o n  of a coolant   tube  from t h e  a c t i v e l y  c o o l e d  skin. The major 
problem i n  d e t e c t i o n  of a h igh  ou t  of t o l e rance  sk in  t empera tu re  i s  t h e  
l a r g e  s u r f a c e  area, 2980  m2 (32,134 f t 2 )  f o r  t h e  c o n f i g u r a t i o n  s t u d i e d .  
The l o w  h e a t  l o ~ d  d e s c e n t  t r a j e c t o r y  s t u d i e s  were i n i t i a l l y  b a s e d  o n  a b o r t  
from a nomina l  c ru i se  dynamic p r e s s u r e  of 2 4 . 1  kPa (500 l b f / f t  2 ) .  This  start  * 
o f  a b o r t  c o n d i t i o n  was r e t a i n e d  f o r  Mach 6 ,  bu t  w a s  modif ied €or  Mach 4 .5  and 
Mach 3 a b o r t s   t o   p r o v i d e  more rea l i s t ic  f l i g h t   c o n d i t i o n s .   A i r c r a f t   a n g l e   o f  
a t t a c k  w a s  l i m i t e d  t o  20 deg rees .   Cons t r a in t s   were   a l so   p l aced  on a i r c r a f t  
g - loads  and  passenger /personnel  acce lera t ions  dur ing  abor t .  
A l a r a e  numher of po ten t i a l  cand ida te  the rmos t ruc tx ra l  concep t s  were 
screened and evaluated €o r  p o s s i b l e  a p p l i c a t i o n  t o  t h e  a i r c r a f t  f o r  w i t h i n  t h e  
Mach 3 t o  6 f l i g h t  r e g i m e .  The s t r u c t u r a l  t e m p e r a t u r e s  were l i m i t e d  t o  a max- 
imlm of 394 K ( 2 5 0 ° F )  during normal  cruise  and a maximum of 478 K ( 4 0 0 ° F )  dur ing  
a b o r t .  M a t e r i a l / s t r u c t u r a l  l i f e  and  maintenance  requirements  were  important 
a n d ,  i f  p o s s i b l e  w i t h o u t  i n c u r r i n g  m a j o r  w e i g h t  p e n a l t i e s ,  t h e  s t r u c t u r a l  t e m -  
; ) e r a t i t r e  WCIS held t c  L : : d p r  450 I; (350°F).  
T h n  ' 'Fa i l - sa fe  hbL?rt  System" c o n s t i t u e n t s  f o r  Mach 3 ,  4.5, and 6 c r u i s e  
were i n t e g r a t e d  as  systems, eval t la ted and conclusions were drawn.  
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3. BASELINE AIXCPART CHARACTERISTICS 
The b a s e l i n e  a i r c r a f t  c o n f i g u r a t i o n  u s e d  t h r o u g h o u t  t h e  s t u d y  was an 
~ ~ _ _ ~ ~ ~ - ~ " _ _ _ _  # 
ac t ive ly  coo led  Mach 6 c r u i s e  d e s i g n ,  i d e n t i f i e d  i n  R e f e r e n c e  ( 2 )  as Concept 
3 .  The a i r c r a f t  is a blended wing-body c o n f i g u r a t i o n ,  h a v i n g  a n  e l i p t i c a l  
f u s e l a g e  c r o s s  s e c t i o n ,  i n c o r p o r a t i n g  a n  i n t e g r a l  " b u b b l e "  f u e l  t a n k  s t r u c t u r e .  
The a i r c r a f t  w a s  d e s i g n e d  t o  c a r r y  200 passengers  over  a range of 9.26 Mm 
(5000 NM). Takeoff   fue l   oad  w a s  108.9 Mg ( 2 4 0 , 0 0 0  lb,) of  hydrogen.  Figure 
5 shows t h e  g e n e r a l  a r r a n g e m e n t  o f  t h e  a i r c r a f t  a n d  i n d i c a t e s  t h e  p e r t i n e n t  
wet ted areas. The e n g i n e  n a c e l l e  a r e a  w a s  uncooled. 
Complete d e t a i l s  of t he  ac t ive  coo l ing  sys t em des ign  o f  t he  base l ine  
a i r c r a f t  are a v a i l a b l e  i n  R e f e r e n c e  ( 3 ) .  Figure  6 p r e s e n t s  a thermodynamic 
summary f o r  Concept 3. This   system  used  methanol /water   solut ion (60 percent  
methanol  by  weight) as the   coo lan t .  The c o o l a n t   i n l e t   t e m p e r a t u r e   t o   t h e  
pane ls  w a s  256 K (O'F).  The c o o l a n t  a f t e r  a b s o r b i n g . t h e  t o t a l  h e a t  l o a d ,  was 
r e t u r n e d  t o  t h e  h e a t  e x c h a n g e r  a t  approximately 294 K (70'F).  This  system w a s  
used as a r e f e r e n c e  act ive cool ing system design and consis ted of  a nonredundant 
u n i n s u l a t e d  ( b a r e  aluminum skin)  sys tem des igned  for  a maximum aluminum s t r u c -  
t u r a l  t e m p e r a t u r e  of 394 K (250OF) .  
The s t r u c t u r a l  d e s i g n  d e t a i l s  o f  t h e  b a s e l i n e  a i r c r a f t  are a v a i l a b l e  i n  
Reference ( 5 ) .  Aluminum honeycomb panels  were u s e d .  F igure  7 shows, i n  some 
d e t a i l ,  t h e  c o n s t r u c t i o n  of t he  ac t ive ly  coo led  pane l s  u sed  a s  mold l ine  cove r ing  
on t h e  b a s e l i n e  a i r c r a f t .  The  honeycomb cons t ruc t ion   pane l  was se l ec t ed   because  
i t  r e s u l t e d  i n  a l i g h t e r  a i r c r a f t .  
Aerodynamic c h a r a c t e r i s t i c s  of t h e  b a s e l i n e  a i r c r a f t  were u s e d  f o r  a l l  
t h r e e  Mach number c ru ise   condi t ions .   Per formance   ana lyses   o f   the   base l ine   a i r -  
c r a f t  are a v a i l a b l e   i n   R e f e r e n c e  ( 2 ) .  Aerodynamic coe f f i c i en t s   u sed   t o   compute  
performance and aerodynamic character is t ics ,  as  w e l l  as t h e  methods  used t o  
obtain  them, are desc r ibed   t he re in .  The p ropu l s ion   sys t em  cons i s t s   o f   fou r  
General Electr ic  advanced  hydrogen  fueled  turboramjet   engines .  The engine  per- 
formance  data  i s  c l a s s i f i e d ,  R e f e r e n c e  ( 6 ) ,  and t h e r e f o r e  i s  n o t  i n c l g d e d  i n  
t h i s  r e p o r t .  The b a s e l i n e  a i r c r a f t  Mach number - a l t i t u d e  p r o f i l e  i s  .presented 
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Performance  Summary 
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Propulsion 
r (41  GE5/JZ6.C 400 kN (90.000 Ibl TSLS _ _ _ ~  ~ per Engine Unlnstalled Total  Inlet Capture Area = 15.8 rn2 (1 70 fI2) 
Fuel  Llquld hydrogen C 20.3 I( 1-423'F) p IdLnSlly) = 70.8 Kplm3 (4.42 lb/1I3) 
t- ._ 
I .  
I 
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I Tire Size I , + - ~ -  ! - .' 
Main Gear 1.27 rn x 0.51 m (50 In. x 20 in.) 
Nose  Gear  1.27 rn x 0.51 rn (50 In. x 20 In.) 
Wetted  Area 
Nacelle 0.38 krn2 (4.080 It?) 
1.07 km2 (11,464 1121 
Tutal 
B" r Z"' 
Fineness Ratlo 13.10 
Total  Aircraft Volume 3.5 km3 (123.800 ft3) 
Planform Area 1.28 km3  (13.756fL2) 
Mach No. (Crulsel 
v2/3 + sP Factor  0.156 
1 
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Hydrogen  Fuel Tankage Insulation Weight = 3.1 1 Mg (6,855 Ibm) 
Thermal  Protection System /- Fuel Boiloff = 2.59 Mg (5,713 Ibm) 
Qvertical tail = 7.6 MW (7.24 x I O 3  Btuhec) 
mvertical ta i l  = 54 kg/s ( 1  19 Ibm/sec) 
wings = 39.7 MW (3.76 x lo4 Btuhec) 
m,ings = 310 kg/s (681 Ibam/sec) 
and  Purge  System Components 
Active  Cooling System  Heat  Exchanger Active Cooling System  W ight 
huselage = 42.9 MW (4.07 x IO4 Btu/sec) Component: Mg (Ibm) Residual Coolant 8.92 ( 1  9,667) 
tifuselage = 349 kg/s (769 Ibm/sec) Distribution Lines,  etc. 1.35 ( 2.967) 
Note: Totals include subsystem requirements. 
Heat  Exchanger 0.95 ( 2,088) 
Pumps  and Pump  Fuel Req 2.51 ( 5.538) 
Total 13.73 (30,260) 
.  . 
FIGURE 6 
THERMODYNAMIC  SUMMARY  MACH 6 BASELINE 
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4 .  PRESENTATION OF RESULTS 
" 
The s tudy  to  concep tua l ly  des ign  and  eva lua te  a f a i l - s a f e  a c t i v e l y  
coo led  s t ruc tu ra l  sys t em,  capab le  of d e t e c t i n g  f a i l u r e s ,  and u t i l i z i n g  pas -  
s i v e  t h e r m o s t r u c t u r a l  c o n c e p t s  t o  a b s o r b  t h e  a b o r t  d e s c e n t  h e a t  l o a d  i n v o l v e d  
f o u r  i n t e r a c t i n g  t a s k s .  
These  tasks were, i n   b r o a d  terms; (1) f a i l u r e   d e t e c t i o n ,  ( 2 )  a b o r t  
t r a j e c t o r y   o p t i m i z a t i o n ,  ( 3 )  f a i l - s a f e   a b o r t   t h e r m o s t r u c t u r a l   c o n c e p t s ,  and 
( 4 )  a b o r t  sys t em i n t e g r a t i o n  and  opt imizat ion.  The p r i m e   r e s u l t s  o f  t h e  
stud.y were the   ou tpu t  of t a s k  ( 4 ) ,  and  thus,  are p r e s e n t e d  f i r s t .  Then the  
r e s u l t s  o f   t a s k   ( 1 )   ( f a i l u r e   d e t e c t i o n )  are presented.  These are followed 
by t a sk  ( 2 )  ( a b o r t   t r a j e c t o r i e s ) ,  and t a s k  (3 )  ( thermost ruc tura l   concepts )  
resu l t s .  
4 . 1  SELECTED FAIL-SAFE SYSTEMS 
The s e l e c t e d  f a i l - s a f e  s y s t e m  c o n c e p t s  f o r  e a c h  o f  t h e  t h r e e  t y p i c a l  
c r u i s e  Mach number cond i t ions  are presented .  The s e l e c t e d   c o n c e p t s   i n c l u d e  
t h 2   t h r e e   b a s i c   f a c t o r s   r e q u i r e d   t o   a s s u r e   s a f e t y   o f   f l i g h t :  A f a i l u r e  
de tec t ion  sys tem capable  o f  d e t e c t i n g  f a i l u r e s  o r  m a l f u n c t i o n s  i n  t h e  a c t i v e  
cool ing  s y s t e m  a s  w e l l  as  f a i l u r e s  i n  i n d i v i d u a l  a c t i v e l y  c o o l e d  p a n e l s ;  
a n  a b o r t  t r a j e c t o r y  c a p a b l e  of provid ing  a near  minimum h e a t  l o a d  t o  t h e  
a i r c r a f t  d u r i n g  d e s c e n t  from c r u i s e  Mach number;  and thermostructural  design 
approaches which minimize both the weight and the maximum s t r u c t u r a l  tempera- 
t ~ r e  du r ing  an  abor t  descen t .  
The syste; .  s f o r  e a c h  c r u i s e  Mach number are d i s c u s s e d  i n  f o l l o w i n g  
paragraphs.  
o Mach 3 .. Fa i l - sa fe  S y s t e m  - Figure  9 p r e s e n t s  a summary o f  t he  Mach 3 
sys t em.  .4ncil i .ary  component  unit   weights are given as w e l l  as t o t a l  s y s t e m  
weight.  A s  shr~wn,  both  the u p p e r  and  lower  surfaces  o f  t h e  a i r c r a f t  a r e  
r ,vercoated w i t : :  a t h i n  s i l i c o n e  e l a s t o m e r .  T h i s  p r o v i d e s  b o t h  a r educ t ion  
i n  c r u i s e  h e a t  t r a n s f e r  t o  t h e  a c t i v e l y  c o o l e d  s t r u c t u r a l  p a n e l s  and  heaE 
p r o t e c t i o n  d u r i n g  a coo l ing  sys t em fa i lu re  induced  abor t .  
FIGURE 9 
MACH 3 FAIL-SAFE SYSTEM SUMMARY 
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H I  
The f a i l - s a f e  s y s t e m  s e l e c t e d  f o r  Mach 3 c r u i s e  u t i l i z e d  c o n v e n t i o n a l  
i n s t rumen ta t ion  fo r  mon i to r ing  o f  active cool ing  sys tem parameters  t o  provide 
warn ing  o f  sys t em ma l func t ion  o r  f a i lu re .  The f a i l u r e  d e t e c t i o n  sysEem 
components  used t o  de tec t  f a i l u r e s  ( l o s s  o f  c o o l i n g )  o f  i n d i v i d u a l  a c t i v e l y  
cooled panels  were Freon f i l l e d  t u b e  e l e m e n t s .  
I 
These  e l emen t s  ( senso r s )  have  the  po ten t i a l  t o  p rov ide  a cont inuous 
record  of  average  panel   temperature .  With lo s s   o f   pane l   coo l ing   (o r   i nd i -  
vidual  coolant  tube)  the Freon vaporizes ,  providing a p r e s s u r e  p u l s e  s i g n a l  
t o  a p res su re  t r ansduce r .  The system  of  tube  elements  use a common Freon 
reservoi r   to   p rovide   vo lume  for   thermal   expans ion   of   the   Freon .   Pressure  is  
maintained a t  a cons tan t  level  by a compensa tor  wi th in  the  l iqu id  Freon  reser- 
vo i r  du r ing  no rma l  ope ra t ion .  The p r e s s u r e  p u l s e  is exper ienced  only  wi th  
b o i l i n g  of t he  F reon  due  to  lo s s  o f  coo l ing .  Senso r  r e sponse  times were 
es t imated  a t  less than  15  seconds  for  bo th  the  upper  and  lower  sur faces  o f  
t h e  a i r c r a f t .  T h e s e  r e s p o n s e  times were judged  more  than  adequate   for   the 
s t r u c t u r a l  h e a t  p r o t e c t i o n  p r o v i d e d .  
The abor t  descen t  t r a j ec to ry  used  p rov ided  a low h e a t  l o a d  t o  t h e  a i r -  
c r a f t  d u r i n g  a b o r t .  T h i s  t r a j e c t o r y  u s e d  a constant   g- load  pul l -up  to  a 
h i g h - l i f t   c o e f f i c i e n t   g l i d e   c o n d i t i o n .   E n g i n e  power was c u t  a t  i n i t i a t i o n  
of  abor t .  
The t h e n n o s t r u c t u r a l  c o n c e p t  s e l e c t e d ,  as shown by  Figure 9 ,  wz5 a s i l i -  
c o n e  i n s u l a t i v e  o v e r c o a t  o v e r  aluminum honeycomb sandwich containing coolant  
manifolds  and  dee-shaped  tubes. The coa t ing   t h i ckness  was an  average o f  
1 . 1 7  mm (0 .046   in ) .  Maximum temperatures   of   the  aluminum s t r u c t u r e  d u r i n g  
abort   were we l l  under   the  reuse l i m i t  of 450 K (350'F).  Temperatures of  
t h e  s i l i c o n e  d u r i n g  c r u i s e  were 414 K (285OF) f o r  t h e  u p p e r  s u r f a c e  a d  
451 K (353OF) on the  lower  su r face .  
F igure  1 0  p r e s e n t s  a comparison of  the fai l -safe  system with a ::ach 3 
b a r e  aluminum s k i n   b a s e l i n e  s y s t e m .  A s  shown, t h e  f a i l - s a f e  c a p a b i l i t y  
r e s u l t e d  i n  a f ixed  we igh t  i nc rease  o f  0.5 Mg (847 lbm) o v e r  t h e  t o t a l  w e i g h t  
of   the   base l ine   sys tem,   about   168  g/m2 (0.0264  lbm/f t2) .  However, when t h e  
hydrogen  hea t  s ink  requi rements  are cons ide red ,  t he  f a i l - s a fe  sys t em has  the  
lowes t  to ta l  weight .  The  base l ine  sys tem would  nLed 32.1 Mg (70,900  lbm)  of 
excess  hydrogen  fo r  coo l ing  du r ing  the  146 m i n u t e s  r e q u i r e d  t o  c r u i s , :  7 - 4 1  ?lm 
(4000 NM) . 
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Structure 
Active  Cooling 
System A 
Failure  Detection 
System A 
A 
System Weights - Mg (Ibm) A 
Baseline - System 
38.2 (84,243) 
Fail-safe  System 
39.2 (86,320) 
3.3 (7,285) 2.3 (4,974) 
None 0.5 (1,081) 
subtotal I 41.5 (91,528) 1 42.0 (92,375) 
Additional  Hydrogen 
Required for Cooling A I 32.1 (70,900) I None 
I I 
Total I 73.6 (162,428) I 42.0  (92,375) 
Heat Loads - MW (Btuhec) A 
Cooling System 
Heat Load (Start 
of Cruise) A 15.4 (1.46 x lo4) 25 (2.37 x lo4) 
Hydrogen Fuel 
Flow Heat  Sink 







Notes: /1\ All weights  (and  heat  loads)  based on equal  aircraft  configurations 
with 2980m2 (32,134 ft2) of  cooled  surface area. Values  shown 
are  derived  from  average  values  for 1618m2 (17,449  f t2) with cruise 
heating  rate  equal  to  typical  upper  surface average and  1362m2 
(14,685 ft2) with cruise  heating  rate  equal to typical  lower  surface 
average. 
Act ively  cooled panels,  attachments,  non-optimums,  heat  shields  and 
insulat ion  (or  other  heat  protection)  where  appl icable. 
All components,  instrumentation,  coolant,  coolant  distr ibution 
lines,  etc. 
All  components  integra?sd  into-aircraft. 
Based o n A  Afar Mach 3 Cruise  for  7.41 Mm (4000 NM). Does not 
include  hydrogen  containment.  
Baseline  has  unprotected  aluminum  skin  at  average of 366K(200°F)  
a t  cruise. 
3 3 K  to 31 1 K (50O0F) 
Based on typical values fo r   duc t   burn ing   tu rbo fan  engines,  AT^ = 
FIGURE 10 
COMPARISON  OF  MACH 3 CRUISE  SYSTEMS 
Thus ,  t he  d i f f e rences  be tween  the  base l ine  and  the  f a i l - s a fe  sys t em,  in  
terms o f  sys t em hea t  l oad  ve r sus  ava i l ab le  hydrogen  fue l  hea t  s ink  capac i ty ,  
are s i g n i f i c a n t .  T h i s  t r a n s l a t e s  i n t o  a weight   d i f fe rence   o f   about  31.7 Mg 
(70,000 lbm) i n  f a v o r  o f  t h e   s i l i c o n e   o v e r c o a t e d   f a i l - s a f e  s y s t e m .  Weight 
for  conta inment  o f  t h e  e x c e s s  h y d r o g e n  i n  t h e  b a s e l i n e  a i r c r a f t  i s  n o t  
i nc luded  in  th i s  we igh t  compar i son .  
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The b a s e l i n e  a i r c r a f t ,  w i t h  t h e  b a r e  u n p r o t e c t e d  aluminum skin,  would 
no t  be  capab le  o f  ope ra t ion  un le s s  a l a rge  po r t ion  o f  t he  coo led  area were 
h e a t  s h i e l d e d  I n  some manner ,  w i th  an  a t t endan t  i nc rease  in  we igh t .  The 
f a i l - s a f e  s y s t e m  h e a t  l o a d  m a t c h e s  t h e  h e a t  s i n k  a v a i l a b i l i t y  a n d  i s  a 
v i a b l e  s y s t e m  f o r  Mach 3 o p e r a t i o n ,  
o Mach 4.5 Fai l -safe  System - The s e l e c t e d  Mach 4 . 5  c r u i s e  f a i l - s a f e  
system w a s  conf igu red  wi th  the  same f a i l u r e  d e t e c t i o n  d e v i c e s  a s  t h e  Mach 3 
system. The same t y p e  o f  a b o r t  d e s c e n t  t r a j e c t o r y . w a s  u t i l i z e d  t o  r e d u c e  
descen t  hea t  l oad .  
The t h e r m o s t r u c t u r a l  a p p r o a c h  o n  t h i s  a i r c r a f t  w a s  t o  u s e  t h e  s i l i c o n e  
o v e r c o a t  m a t e r i a l  on the  upper  sur faces  (average  th ickness  of  1 .91  mm 
(0.075 in ) )  and  a t i t a n i u m  h e a t  s h i e l d ,  w i t h  i n s u l a t i o n  ( 6 . 3 5  mm (0 .25  in)  
t h i c k ) ,  o n  t h e  l o w e r  s u r f a c e s .  Maximum abor t   t empera tures  were under   the  
limit of 450 K (350°F)  for  reuse  of  the  aluminum s t r u c t u r e .  
F igure  11 p r e s e n t s  a summary o f  t h e  Mach 4.5 system  weight.  A s  shown, 
t h e  p a s s i v e  h e a t  p r o t e c t i o n  r e p r e s e n t s  a b o u t  11 p e r c e n t  o f  t h e  t o t a l .  The 
s i l i cone  e l a s tomer  ove rcoa ted  uppe r  su r face  and  the  co r ruga t ion  s t i f f ened  
beaded  sk in  t i t an ium hea t  sh ie ld- insu la t ion  package  on  the  lower  sur face  
are h i g h l y  e f f i c i e n t  i n  r e d u c i n g  t h e  amount of heat absorbed by the hydrogen 
f u e l .  The lower  su r face  TPS i s  assembled   wi th   the   insu la t ion   packages  
a g a i n s t  t h e  aluminum sk ins  to  avo id  po ten t i a l  boundary  l aye r  l eakage  f low pa ths .  
. 
Figure  1 2  compares  the fai l -safe  system with the bare  unprotected a l u m i -  
num s k i n  b a s e l i n e  s y s t e m .  I n  t h i s  c a s e ,  t h e  a d d i t i o n  o f  f a i l - s a f e  c a p a b i l i t y  
increased  the  f ixed  weight  by 1 . 7  Mg (3734  lbm) , or 0.57 kg/m2 (0 .116  lbm/f t2) ,  
compared t o  t h e  n o - a b o r t - c a p a b i l i t y  b a s e l i n e .  
The b a s e l i n e  s y s t e m  h e a t  l o a d ,  a t  s t a r t  o f  c r u i s e  a t  Mach 4.5, w a s  
approximate ly   123%  of   ava i lab le   fue l   hea t   s ink   capac i ty .  The f a i l - s a f e  
sys tem hea t  load  was about  41% o f  fue l  hea t  s ink  capac i ty .  - A s  shown i n  
F igu re  12 ,  t he  base l ine  a i r c ra f t  wou ld  r equ i r e  an  add i t iona l  10 .7  Mg (23,600 
lbm) o f  excess  hydrogen  fo r  coo l ing  du r ing  the  98  minu tes  r equ i r ed  to  c ru i se  
7.41 Mm (4000 NM). I n  t h i s  case, t h e  f a i l - s a f e  d e s i g n  w o u l d  r e d u c e  t h e  t o t a l  
we igh t  nea r ly  9 .1  Mg (20,000 lbm) . 
During c ru ise ,  t h e  f a i l - s a f e  s y s t e m  TPS temperature  levels are moderate,  
The s i l i c o n e  o v e r c o a t  ( u p p e r  s u r f a c e )  h a s  a s teady  state level of 533 K 
(499°F). The lower   su r f ace   hea t   sh i e lds   expe r i ence   663  K (734°F). 
Silicone Overcoat 
1.91 mm (0.075 in) 
Over  AI. Skin 
Upper Surface 
Actively Cooled ?me1 
(Structural Honeycomb) 
Fail-safe System  Weight 
Mg (Ibrnl 
Actively Cooled Structure 37.7 (83,227) 
(TPS) Thermal Protection Systems 5.2 ( 1  1,254) 
fACS) Active Cooling System 2.6 ( 5.645) 
(FDS) Failure Detection System 0.5 ( 1.212) 
Total 46.0 ( 1  01,338) 
-
FIGURE 11 





SYSTEM  WEIGHTS - Mg (lbm) A 
~ 
BASELINE SYSTEM FAIL-SA1 t SYSTEM 
~____ "_ - 
STRUCTURE A 
0.5 (1,212) NONE FAILURE  DETECTION  SYSTEM A 
2.6 (5,645) 5.6 (12,301) ACTIVE  COOLING  SYSTEM A 
42.9 (94,481) 38.7 (85,303) 
_.  "_ 
I"- .. . 
~ 
SUBTOTAL 44.3 (97,604) 46.0 (101,338) ~ _ _ _ _  ~- 
ADUITIONAL HYD OGEN REQUIRED 
FOR COOLING A 10.7 (23,600) NO14 E 
TOTAL 55.0 (121,204) 46.0 (101,338) 
HEAT LOADS - MN ( B t u p c )  A 
54.7  (5.19 X lo4) 18.1  (1.72 X lo4) I 
44.4  (4.21 X lo4) '44.4  (4.21 X lo4) 
NOTES: ALL WE GHTS AND HEAT  LOADS  BASED ON EQUAL AIRCRAFT  CONFIGURATIONS  WITH 
2980 rn h (32,134 f t 2 )  OF  COOLED  SURFACE  AREA. VALUES SHOI.!N ARE DERIVED 
FROM AVERAGE VALUES FOR 1618 m2 (17,449 f t 2 )  MITH  CRUISE  HEATING RATE 
EQUAL TO T Y P I C A L  UPPER  SURFACE  AVERAGE  AND 1362 m2 (14,685 f t 2 )  NTTH 
CRUISE  HEATING RATE EQUAL TO TYPICAL LOWER SURFACE  AVEKAGE. 
INSULATION (OR  OTHER  HEAT  PROTECTION) WHERE APPLICABLE. 
A ACTIVELY COOLED PANELS, ATTACHMENTS,  NON-OPTIMUMS,  HEAT SHIELRS AND 
/5\ A L L  COMPONENTS, II4STR'lMENTATIONY COOLANT,  COOLANT DISTR1EIITIOI. i   LINES, 
I f jTEGRATED  INTO  AIRCRAFT 
FOR  MACH 4.5 CRUISE FOR 7.41 Mm (4000 I J M ) .  D M S  NOT 
I I K L U D E  HYDROGEN  CONTAII.IMEI4T. 
AT  CRUISE. 
ATf = 33 K TO 311 K ( 5 0 0 ° F ) .  
A BASELINE HAS  UNPROTECTED ALUMINUM SKI14  AT  AVERAGE OF 366 K  (2CO"F)  
/i\ BASED ON T Y P I C A L  VALUES FOR  TURBORAMJET ENGINES  (RAMJET MODE F.T CRUISE) 
FIGURE 12 
COMPARISON OF MACH 4.5 CRUISE  SYSTEMS 
Maximum  temperatures during  abort were low, about 409 K (276°F) for 
the upper  surface  aluminum  structure and 537 K (507°F) on  the silicone. The 
lower  surface  structure  reached  420 K (296°F) and the  heat  shield  677 K 
(759°F). With  these  maximum  temperatures,  all  thermostructural  comp3nents 
were  judged reusable. 
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o Mach 6 Fa i l - sa fe  Sys t e m  - This  sys  tem again  used  the  same type  of  
f a i l u r e  d e t e c t i o n  m e t h o d s  a n d  a b o r t  t r a j e c t o r y  as t h e  Mach 3 and  4.5 sys tems.  
The sys tem weights  are p r e s e n t e d  i n  F i g u r e  13. 
A s i l icone   overcoa ted   (1 .42  mm (9.056 in )  t h i ckness )  uppe r  su r face  and 
a Rene' 41  hea t  sh i e lded  ( and  in su la t ed )  l ower  su r face  were combined t o  
p r o v i d e  a b o r t  h e a t  p r o t e c t i o n  o f  t h e  aluminum a c t i v e l y  c o o l e d  p a n e l s ,  and 
t o  p r o v i d e  a r e d u c t i o n  i n  a b s o r b e d  h e a t  f l u x  a t  c r u i s e  c o n d i t i o n s .  The 
maximum s t r u c t u r a l  t e m p e r a t u r e s  d u r i n g  a b o r t  ( t o t a l  loss of  cooling)  would 
be  approximately  443 K (337°F)  for  the upper  surfaces  and 465 K (377°F) f o r  
the  lower  sur face .  
The  lower  su r face  s t ruc tu ra l  t empera tu res  cou ld  be  r educed  to  the  limit 
f o r  r e u s e  (450 K (350°F))  with some a d d i t i o n a l   l o w e r   s u r f a c e   i n s u l a t i o n .  The 
weight   pena l ty  for this a d d i t i o n a l  i n s u l a t i o n  would  be  low. The tempera tures  
of t h e  TPS components are w e l l  w i t h i n  t h e  c a p a b i l i t i e s  of t h e  m a t e r i a l s .  A t  
c r u i s e  t h e  s i l i c o n e  is a t  554 K (537'F)  and reaches  563  K (554°F)  during  the 
a b o r t ,  The  lower s u r f a c e   h e a t   s h i e l d s  are, t y p i c a l l y ,  a t  temperatures   of  
850 K (1070°F) a t  c ru i se  cond i t ions  and  866 K (1100°F) maximum d u r i n g  a b o r t .  
F igu re  14 i l l u s t r a t e s  t h e  w e i g h t  d i f f e r e n c e s  b e t w e e n  t h e  f a i l - s a f e  s y s t e m  
and t h e   u n p r o t e c t e d   b a s e l i n e   s y s t e m .   F a i l - s a f e   c a p a b i l i t y   r e s u l t e d   i n  a f i x e d  
we igh t  i nc rease ,  compared  to  the  base l ine  we igh t ,  o f  3 . 3  Mg (7162  lbm) , about 
1.11 kg/m2 (0 .229   l bm/ f t2 ) .   Sys t em  hea t   l oads   fo r   t he   unpro tec t ed   base l ine  
were 167%  of a v a i l a b l e  f u e l  h e a t  s i n k  c a p a c i t y  a t  s tar t  of c r u i s e  c o n d i t i o n s .  
Cons idera t ion  of  excess  hydrogen  requi red  for  cool ing  increases  the  base l ine  
a i r c r a f t  w e i g h t  b y  a t  l eas t  29.4 Mg (64,700  lbm) . I n  t h i s  c a s e ,  t h e  f a i l - s a f e  
d e s i g n   t o t a l   w e i g h t  i s  about   26.1 Mg (57,500  lbm) less t h a n   t h e   b a s e l i n e .  The 
f a i l - s a f e  s y s t e m  r e q u i r e s  o n l y  4 6 . 5 %  o f  a v a i l a b l e  f u e l  h e a t  s i n k  c a p a c i t y .  
F igu re  15  p resen t s  a compar ison  of  Reference  (7)  resu l t s  and  th i s  
s tudy .  A s  shown, the   "Fa i l - sa fe   Abor t   Sys t em"   t o t a l   un i t   we igh t  i s  approxi-  
mately 90% of t h e  u n i t  w e i g h t  of  the  Reference  (7)  unshie lded  366 K (200°F) 
s t ruc ture  wi th  redundant  cool ing  sys tems,  which  requi res  10 .44  Mg (23,000 lbm) 
o f  excess  hydrogen  fo r  coo l ing  fo r  a c ru ise   range   of   approximate ly   5 .87  f.lm 
(3170 NM).  The a d d i t i o n a l  4.54 Mg (10,000 lbm) r equ i r ed   fo r   con ta inmen t  
of  the  excess  hydrogen  i s  n o t  i n c l u d e d  i n  t h e  w e i g h t  summary. 
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Fluid Fi l led 
Silicone  Overcoat 
1.42rnrn;(0.056 in.) 
13.23 kg/m2 
(2.706 Ibm/f t2)  
I 
Actively Cooled Panel 
Actively  Cooled Panel 
(Strtl:tural Honeycomb) 
Thermostructural 
Q~~~~~ = 25.2 MW (2.38 x lo4 Btu/sec 
Fail-safe System Weight 
. Mg (ibrnl 
Cooled  Structtire  37.7 (83,2273 
(TPS)  Thermal  Protection  Systems 8.4 ( 1  8,476) 
(ACS)  Active  Cooling  System 3.2 ( 6,955) 
(FDS) Failure  Detection  System 0.6 ( 1.343) 
Total  49.9 (110.001; 
-
FIGURE 13 




ACTIVE COOLI14G SYSTEM A 
FAILURE  DETECTION SYSTEM A 
SUGTOTAL 
A D D I T I O i i A L  HY  ROGEI,I RE()UIRED 
FOR COOLING a 
TCTAL 
COOLING  SYSTEII  HEAT LOAD 
(START OF CRUISE) A 
HYDROGEN FUEL FLOW EAT S I I l K  
CAPACITY (CRUISE)  A 
BASELIIJE SYSTEM 1 FAIL-SAFE SYSTEM 
3 8 . 9   ( 8 5 , 7 3 4 )  
0 .6   (1 ,343)  rIONE 
3.2 ( 6 , 9 5 5 )  7 . 7   ( 1 7 , 1 0 5 )  
46.1  ( n1,703) 
, . " . - - 1 
46 .6   (102 ,839)  i 49.9 (11n,oo1) ~~ ~ 2 9 .4   (64 ,700)  NONE 
7 6 . 0   ( 1 6 7 , 5 3 9 )  49.9 (110,001) ~- I 
HEAT  LO DS- MW ( R t u / s e c )  ' A  I 
5 4 . 2   ( 5 . 1 4  X l o 4 )  I 5 4 . 2   ( 5 . 1 4  X l o 4 )  I 
NOTES: ALL  NEIGHTS  (AIID  HEAT  LOADS)  RASED ON EQUAL  AIRCRAFT  CONFIGURATIONS  WITH 
2 9 8 0  rn2 ( 3 2 , 1 3 4  ft2) OF COOLED  SURFACE  AREA.  VALUES  HnldN  ARE DERIVED 
FROM AVERAGE  VALUES FOR 1 6 1 8  m2 ( 1 7 , 4 4 9   f t 2 )  !.JITH CRUISE  HEATING  RATE 
EQ!JAL  TO TYPICAL  3PPER SURFACE  AVERAGE  AND 1 3 6 2  rn? ( 1 4 , 6 8 5  f t 2 )  WITH 
CRUISE  HEATING  RATE  QUAL TO TYPICAL LOWER SURFACE  AVERAGE. 
INSULATION ( O R  OTHER  HEAT  PROTECTION) WHERE APPLICARLE. 
A ACTIVELY COOLED PANELS , ATTACHMENTS , NnN-OPTIMUMS HEAT SHIELDS AND 
A ALL COMPONENTS It4STRUMENTATION , COOLANT,  COOLANT DISTRIB IJT ION  L INES , 
2 :iZiD 014 ,&,A FOR MACH 6 CRUISE FOR 7 .41  Mm ( 4 0 0 0  NM) . DOES  NOT 
A BASELINE HAS  UNPROTECTED ALUMIIWM SKIN AT  AVERAGE OF 366 K ( 2 0 0 ° F )  
ALL COMPON  t4T I l lTEGRATED  I l lTO  AIRCRAFT 
I I K L U D E  HYDROGEN  COI4TAINMENT. 
AT  CRUISE. 
BASED ON TYPICAL VALUES FOR TW!BORAMJET ENGINES  (RAMJET MOflE AT  CRUISE) 
ATf = 3 3  K TO 3 1 1  K ( 5 0 0 ° F ) .  
FIGURE 14 
COMPARISON  OF  MACH 6 CRUISE  SYSTEMS 
Structure 
Cooling System 









Heat Sink 4 
~ ~ ~~ 
Total 







Unit Weight - kg/m2 (Ibm/f?) 
1.057 (0.21 64) 
0.204 (0.041 8) 
3159 m2 (34,000  ft2)  of  cooled  surface,  cruise  range  5.87 Mm 
( 3 1 7 0   N M )  
2980 m2 (32,134  ft2)  of  cooled  surface,  range  7.41 Mm 
( 4 0 0 0   N M )  
Excess  hydrogen-110.44  Mg  (23,000 lbml for  cooling,  does not 
include  hydrogen  containment. 
Hant  shielding  L4.5359  Mg (10,000 Ibm)] Plus  0.4539  Mg  (1000 Ibm) 
excess hydrogen  for  cool ing, does not  include  hydrogen  containment.  
Includes  Rene' 41 heat  shields on lower surface, silicone  elastomer 
overcoat on upper  surfaces. 
Addi t ional   hydrogen  for   cool ing  for  A t ime  (0.23  hours) to 
give  total  cruise  range  of 7.41 M m  (4.000  NM).  Doer  not   include 
hydrogen  containment. 
FIGURE 15 
MACH 6 CRUISE  TRANSPORT  AIRCRAFT  WEIGHT  SUMMARY 
The f a i l - s a f e  s y s t e m  a i r c r a f t  h a s  a c r u i s e  r a n g e  of ove r  7 . 4 1  Mm 
(4000 nm). The re fo re ,   t o   p l ace   t hese   concep t s   on   nea r ly   equa l   g round ,  
addi t ional  weight  (hydrogen)  was added  to  p rov ide  the  r equ i r ed  coo l ing  fo r  
t h e  0.23 h o u r s  a d d i t i o n a l  t i m e  r equ i r ed  t o  r each  f.41 Mm (4000 nm). This  
excess  hydrogen i s  shown i n  F igure  15  on a u n i t  area b a s i s .  
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The "Fai l -Safe"  concept  does not  require  any addi t ional  hydrogen for  
coo l ing ,  u s ing  on ly  46 .5% of  ava i l ab le  fue l  hea t  s ink  a t  start  of c r u i s e  
condi t ions .   The-Reference  ( 7 )  s h i e l d e d   s t r u c t u r e   ( a b o u t  33% o f  area is 
sh ie lded)  concept  wi th  redundant  cool ing  sys tems i s  shown i n  F i g u r e  15 t o  
have  lower  unit   weight  than  the  "Fail-Safe"  system  conc.ep t. However, t h i s  
s y s t e m  d o e s  n o t  h a v e  t h e  a b o r t  c a p a b i l i t y ,  o r  t h e  c a p a b i l i t y  t o  d e t e c t  l o s s  
o f   c o o l i n g   w i t h i n   t h e   i n d i v i d u a l   a c t i v e l y   c o o l e d   p a n e l s .  Loss o f  coo l ing  
c o u l d  r e s u l t  i n  s t r u c t u r a l  f a i l u r e  i f  unde tec t ed .   Add i t ion   o f   hea t   p ro t ec t ion  
t o  t h e  u n s h i e l d e d  areas would add approximately 0.619 kg/m2 (0.1268 lbm/ft  2 ) 
t o  t he  p re sen ted  we igh t s  o f  t he  Refe rence  (7 )  sh i e lded  concep t  fo r  a t o t a l  
un i t   we igh t  of 16-697 kg/m2 (3.4207  lbm/ft2).   This  weight  increase.  consider- 
the  cool ing  sys tem weight  reduct ions  due  to  reduced  hea t  load  and  the  e l imin ; l -  
t i o n  Of excess  hydrogen. A comparison of  t h i s  u n i t .  w e i g h t  w i t h  t h e  " F a i l -  
Safe"  system uni t  weight  *of 16.713 kg/m2 (3 .423  Ibm/ f t - )  i nd ica t e s  t ha t  
" F a i l - s a f e "  c a p a b i l i t y  r e s u l t s  i n  u n i t  w e i g h t s  a p p r o x i m a t e l y  e q u a l  to those 
of an  equ iva len t  a l l  shielded concept  with redundant  cool ing systems.  
4.2 FAILURE DETECTION 
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The  s tudy  o f  t he  base l ine  act ive coo l ing  sys t em,  F igu re  16 ,  d id  no t  r e su l t  
i n  any  unique  ins t rumenta t ion  requi rements  o ther  than  ins t rumenta t ion  requi red  
to  measure,  and provide a warning of, a c t i v e l y  c o o l e d  s t r u c t u r a l  p a n e l  o v e r -  
t empera tu re .   The re fo re ,   t he   p r imary   e f fo r t  w a s  directed  toward  methods  for  
d e t e c t i n g  i n d i v i d u a l  p a n e l  " h o t  s p o t s " .  
Approximate ly  twenty  d i f fe ren t  candida te  approaches  to  de tec t ion  of  Ehe 
l o s s  of  coo l ing  o f  i nd iv idua l  pane l s ,  o r  a r eas  on an  ind iv idua l  pane l ,  were  
devised  and  evaluated.   The  approach  re ta ined as t h e  most  promising was t h e  
Freon f i l l e d   t u b e   e l e m e n t s .   F i g u r e  1 7  i l l u s t r a t e s   t h e   s e n s o r   a s s e m b l y .  A 
small r e s e r v o i r ,  w i t h  p r e s s u r e  t r a n s d u c e r s  a n d  a p r e s s u r e  r e l i e f  v a l v e ,  main- 
t a ins  cons t an t  sys t em p res su re  and  p rov ides  volume fo r  t he rma l  expans ion  of 
t he   con ta ined   f l u id .   Dur ing   no rma l   ope ra t ion   t he   l i qu id  l eve l  i n  t h e  r e s e l -  
v o i r   p r o v i d e s  a continuous  record.   of  average  panel  temperature.  A t  h i g h e r  
t han  no rma l  t empera tu res ' ,  t he  con ta ined  l i qu id  bo i l s  and  p rov ides  a p r e s s u r e  
s i g n a l .   T h e   s e n s o r   e l e m e n t   c i r c u i t   r e s e r v o i r   p r e s s t i r e   r e l i e f   x 7 a l v e   ? r e v e n t s  
pressure   f rom  exceeding   sa fe  levels .  An a l t e r n a t e   a p p r o a c h ,  e u t e c t i c  s a l t  
e lements ,  which provides  only a warning of  over tempera ture  wi thout  cont inuous  





BASELINE  ACTIVE  COOLING  SYSTEM  SCHEMATIC 
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1.62rnm 1.0. (0.06375  in.) 
2.38mm O.D. (0.09375 in.) 
Aluminum Tubes 
'/ 
Network  of Tube  Elements 
Manifolded Together.  Tubes 
Filled  with  Freon 21. 
Pressure Pressure 
Relief  Valve  Transducer 
Weight  per  1.2m  x 6.1117 (4 f t  x  20  f t)  Panel 
75m  (246 f t l  of Filled  Elements 
and Attachment . . . . , . . . . . . . . . . . . . . . . . . 0.79  kg  (1.75  Ibm) 
Pressure Transducer,  Relief 
Valve and Reservoir . . . . . 
Wiring,  Control  and 
Display Electronics . . . . . . 
0.23  kg  (0.50  Ibm) 
0.23  kg  (0.51  Ibm) 
FIGURE 17 
Total 1.25 kg (2.76 Ibm) 
Unit Weight 
0.55 kg/m2 
(0.0345  Ibm/ft2) 
FLUID  FILLED  TUBE  ELEMENTS (PHASE  CHANGE) 
Aluminum  Tubing 
2.26mm  O.D.  (0.089  in.) 
1.63mm  I.D.  (0.064  in.) 
Porous Aluminum  Oxide Ceramic 
1.37mm  O.D.  (0.054 in.) 
0.86mm I.D. (0.034 in.) 
Dual Element: 
Illustrated 
Element  Weight 
(0.002984  Ib/in.) 
\Aluminum 0.81mm 
O.D.  (0.032  in.) 
Voids  Between  Tubing,  Ceramic  and  Wire  and 
Porosity of Ceramic are Saturated with a 
Eutectic  Salt  Mixture. 
Weight Per 1.2m x 6.lm 14 f t  x 20 f t )  Panel 
Single  Elements  Dual  Elements 
Components 
Sensor Elements Plus 
Attachment 
Signal Processor 
Connectors  and 
Element  End  Fittings 
Wiring  and  Display 
Electronics 
4.217  (9.296) 
0.091 (0.200) 
0.045 (0. 100) 
0.109 (0.240) 
Totals I 4.462 I (9.836) 
Unit  Weight.  kg/m2 
(Ibm/ft2) 
FIGURE 18 
EUTECTIC  SALT  SENSING  ELEMENT 
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The  eutectic  salt  elements  represent  the  minimum  development  risk 
approach  but  the  highest  unit  weight. The high  vapor  pressure  fluid  (tube 
element  contained)  approach  was  selected  over  the  others  because  of  its  poten- 
tial  overall  capability  and low unit  weight. 
The  integration  of  the  failure  detection  methods  into  an  overall  failure 
detection  system is portrayed  in  Figure 19. The  failure  detection  system 
includes  instrumentation  and  crew  displays  for  failure  detection  as  well  as 
for  system  monitoring. 
The  total  cooled  aircraft  surface,  2980  m2 ( 3 2 , 1 3 4  ft2), was  divided 
into  failure  detection  system  control  zones  to  illustrate how-a detection 
system  utilizing  the  fluid  filled  elements  (phase  change)  would  be  configured. 
Figure 20 presents  a schematic,of the  system.  Each  output  signal  from  a 
control  zone  represents  the  sensor  output  signal  from  an  individual  panel. 
The  signal  from  the  panel  sensors  would  be  transmitted,  by  pressure  trans- 
ducers,  to  the  local  control  zone  micro-processor.  This  processor  would, 
using  memory,  digital  logic  and  computation,  make  decisions  and  issue  commands 
to a  central  processor.  The  central  processor  monitors  input  data  from  all 
local  micro-processors  and  provides  the  data  to  a  video  monitor,  an  audio 
monitor,  and  to  a  continuous  recorder  of  panel  temperature  status.  The  use 
Of  semiconductor  technology  and  large  scale  integration (LSI)  devices  for  the 
local  micro-processors  and  central  control  and  display  electronics will result 
in  reliable  low  weight  components. 
A signal  from  any  of  the  failure  detection  sensors  indicating  a  failure 
condition is routed  through  system  electronics  to  a  crew  display  panel, 
resulting  in  illumination  of  the  master  light, an audio  tone,  and  illumination 
of  that  particular  parameter  displayed  on  the  panel.  The  system  monitor 
sensors  shown  in  Figure  19  detect  the  same  parameters  as  the  failure  detection 
sensors  plus  other  instrumentation  considered  to  be  of  value  for  system  moni- 
toring.  Outputs  from  these  sensors  provide  a  read-out  of  the  parameter on 
the  display  panel. A discrete  failure  signal  from  either  a  failure  detection 
sensor  or  its  corresponding  monitor  sensor  will  alert  the  crew  by  master  light 
illumination,  an  audio  tone,  and  illumination  of  the  failure  detection  para- 
meter  display.  In-flight  verification  of  the  electronics  and  circuitry  asso- 
ciated  with  each  failure  detection  sensor  would be provided  by  built-in-test 
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1 Signal from FDS only or system monitor only: 
Master light  illuminated 
Lo-level  audio  tone 
Failure  parameter  illuminated amber 
Red  for panel  skin temperature 
2 Signal from FDS + system monitor 
Master light  illuminated 
Hi-Level  audio  tone 
















* SEE FIGURE 20 FOR ADDITIONAL DETAIL 
FIGURE 19 
ACTIVE  COOLING  SYSTEM INSTRUMENTATION/DlSPLAYS 
FUSELAGE Local Digital System 






Control Zone @ 
Right Wing Upper 
Surface. 
36 Outputs 
I 1 I 
M p = Local' Micio-Processor 
CP = Central Processor 
Each Control Zone Output Represents Output Signal for 
Individual  Actively  Cooled Panel 
FIGURE 20 
FAILURE  DETECTION  SYSTEM  CONTROL  AND  DISPLAY  ELECTRONICS 
Figure 19 also  illustrates an output  from  the  master  panel  to  automatic 
abort  mode  electronics.  In  the  case  of  a  cooling  system  malfunction  which  is 
judged (by  the  central  data  processors,  if  crew  reaction  is  not  within an 
established  time  limit)  to  warrant  abort,  the  automatic  abort  mode  electronics 
would  take  command  of  the  flight  control  system  and  initiate  the  abort  maneuver. 
A  summary of system  characteristics,  viewed  from  the  standpoint of 
response  and  reliability,  is  shown  in  Figure 21. Although some protection 
from  false  alarms  is  provided,  further  consideration  of  reliability  might 
lead  to  quad-redundant  sensors  in  certain  critical  locations. 
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Response 
Instrumentation Selected to  Respond to Earliest  Positive  Failure Cues 
Most  Significant  Failures  Provide  Multiple Cues Which are Also  Detected 
Visual  and Audio Failure Signals Provided to Crew 
0 Quantitative Response Times Dependent on Detailed System Characteristics and Specific 
Failure Modes 
Reliability 
Proven Reliable Instrumentation Used Where Possible 
0 FDS  Instrumentation  Electronics  and  Circuitry Checked Periodically  Before  and During 
0 System Monitor Parameters  Checked by Crew to  Verify System  Parameters  are 
For Each Failure Parameter, a Cue is Available from Either  the  FDS  Display  or  the System 
Sustained  Cruise by Crew via Press-to-Test Capability 
Within  Tolerance 
Monitor Display 
:. A  Double  Failure  Would Have to Occur to Prevent the Crew from Being 
Alerted to Out-of-Tolerance  Condition  for Each  Parameter 
One Failure  Generally Results in  Another Secondary Failure Cue Which is  also 
Monitored by  the  Failure  Detection System 
:. Redundancy is also Provided by  Detection  of Secondary Failure Cues 
0 Protection from False Alarms  Provided  by  Requirement that Failure Signals from  Both 
the  FDS and the System Monitor Sensors Must Occur Before  Failure  Confirmation 
(Except for Skin  Temperature) 
Failure Confirmation by: 
- Hi-Level Audio Signal 
- FDS Display Illuminated Red 
FIGURE 21 
FAILURE  DETECTION  SYSTEM  DESIGN  FEATURES/CONSIDERATlONS 
4 . 3  ABORT TRAJECTORIES 
Once a f a i l u r e  of  t h e  a c t i v e  c o o l i n g  s y s t e m ,  o r  a n  i n d i v i d u a l  p a n e l  is  
de tec ted ,   an   abor t   maneuver  i s  i n i t i a t e d .  The  manner i n  w h i c h  t h e  a i r c r a f t  
i s  m a n e u v e r e d  c a n  r e s u l t  i n  s i g n i f i c a n t  e f f e c t s  on t h e  t o t a l  h e a t  l o a d  t h a t  
must  be absorbed.  
D e t a i l e d  s t u d i e s  were made o f  a b o r t  f r o m  t h e  s e l e c t e d  c r u i s e  a l t i t u d e s  
and Mach numbers.  The limits o f  a i r c r a f t  m a n e u v e r s  d u r i n g  a b o r t ,  s u c h  as 
maximum a l lowab le  "g" and maximum a l l o w a b l e  a n g l e  of a t t a c k ,  were examined. 
The abort  maneuvers  were c o n s t r a i n e d  t o  t h e  a l l o w a b l e  s t r u c t u r a l - a e r o d y n a m i c -  
c rew/passenge r  l imi t a t ions .  
The a b o r t  t r a j e c t o r i e s  f o r  d e s c e n t  f r o m  Mach 3 ,  4 . 5 ,  and 6 c r u i s e  u t i l -  
i z e d  t h e  f o l l o w i n g  c o n s t r a i n t s .  T h e  maximum a l l o w a b l e  l o a d  f a c t o r  w a s  2 . 5  g's. 
The minimum f l i g h t  dynamic pressure w a s  l i m i t e d  t o  4.79 kPa (100 l b f / f t  ) t o  ' 2  
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i n s u r e  a d e q u a t e  c o n t r o l  a t  apogee.  The maximum p e r m i s s i b l e  a n g l e  o f  a t t a c k ,  
w a s  se t  a t  20 d e g r e e s  f o r  a l l  a b o r t  Mach numbers .  Ai rcraf t  des igned  to  
o p e r a t e  a t  the:,c Mach numbers can be expected t o  have  adequa te  con t rok  a t  20 
deg rees  ang le  o f  a t t ack .  
The most e f f e c t i v e  a b o r t  t r a j e c t o r i e s , i n  terms of reduced descent  heat  
l o a d s ,  were constant   g- load  pul l -up (zoom) maneuvers. Bank a n g l e   ( u p   t o  80 
degrees)  w a s  u s e d  t o  c o n t r o l  a p o g e e  a l t i t u d e .  F i g u r e  22 shows t h e  h e a t i n g  
rate h i s t o r i e s  f o r  a t r a j e c t o r y  of t h i s  t ype  du r ing  descen t  f rom Mach 6 c r u i s e .  
START OF ABORT CONDITIONS 
o MACH 6, 32 km (105,000 ft), a = 7" 
0 AIRCRAFT WT. = 257.43 MCJ (567,529 1bm) 
o ZERO THRUST 
0 SREF = 960 m2 (10,377 f t 2 )  
80 
N 
c, HIGH a DESCENT,  DYNAMIC 
W 60 - . PRESSURE MAINTAINED BY  BANK  ANGLE 
m TWALL = 366K (2OOOF)  AT T = 0 
TWALL = 505 K (450°F) AT  T = 365 sec 
TYPICAL LOWER SURFACE, 
AT X = 27.4 m (90 f t )  
0 100 200 c 
-0- 
T - DESCENT T I M E  - SECONDS 
FIGURE 22 
MACH 6 ABORT  TRAJECTORY  HEATING  RATES  FOR 
AIRCRAFT  TYPICAL LOWER AND UPPER SURFACES 
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F i g u r e  2 3  p r e s e n t s  t h e  r e s u l t s  o f  the a b o r t  h e a t  l o a d  s t u d i e s .  T h e s e  
d e s c e n t  h e a t  l o a d s  i l l u s t r a t e  t h e  m a g n i t u d e  o f  the amount  of h e a t  t h a t  t h e  
t y p i c a l  a i r c r a f t  s u r f a c e  m u s t  a b s o r b  d u r i n g  a loss  of active cool ing  
a b o r t  f r o m  c r u i s e  c o n d i t i o n s .  
ABORT HEAT LOADS FOR 
6 4.5 3 SURFACES 
START OF ABORT MACH NUMBER 
~. 
TYPICAL  AIRCRAFT c 
LOWER MJ /m2 
(107.5) ~ ~ 5 * 2 3  (460)--”I””(15.9) HEAT LOAD ( B t u / f t 2 )  
SURFACE 
0.18 
UPPER MJ /m2 0.073 0.20 0.74 
SURFACE 
HEAT LOAD ( B t u / f t 2 )  (65) (18) (6 .45)  
AVERAGE* MJ /m2 0 . 1 2  0.68 2.83, 
HEAT LOAD ( B t u / f t 2 )  (10.9) (60). (249) 
Note: *The area weighted  average  hea t  load  w a s  based on t h e  
~ ~~~~ 
fol lowing:  
Qavg 
= AL QL + Au Qu 
AT 
= 0.457 QL + 0.543 Qu, and w a s  considered as 
r e p r e s e n t a t i v e  o f  a v e r a g e  h e a t  l o a d  t o  t h e  a i r c r a f t .  
FIGURE 23 
*. 
ABORT  DESCENT  HEAT  LOADS 
Figure 24 p r e s e n t s  a comparison of t h e  r e d u c t i o n  a v a i l a b l e  i n  d e s c e n t  
t r a j e c t o r y  h e a t  l o a d s  d u e  t o  zoom type  maneuvers .   Resul ts   f rom  this   s tudy 
and those  of   Reference  (4)  and (8) are shown. I t  can   be   seen   tha t   the   reduc-  
t ions f rom normal  maximum L / D  descen t  hea t  l oads  are about  the same. 
4.4 FAIL-SAFE  THERMOSTRUCTURAL  CONCEPTS 
A number oE s t u d i e s ,   R e f e r e n c e s  ( 7 )  , ( g ) ,  (10) (11) and (12), h’.ave 
shown t h a t  a c t i v e l y  c o o l e d  s t r u c t u r e  h a s  t h e  p o t e n t i a l  f o r  l o w e r  w e i g h t  t h a n  
h o t  s t r u c t u r e  f o r  h y d r o g e n  f u e l e d  h i g h  s p e e d  a i r c r a f t .  B e c a u s e  o f  i t s  h igh  
t h e r m a l  c o n d u c t i v i t y ,  h i g h  s t r u c t u r a l  e f f i c i e n c y ,  a n d  low c o s t ,  aluminum is 
p r e s e n t l y  t h e  p r e f e r r e d  material f o r  a c t i v e l y  c o o l e d  s t r b c t u r e .  However, i n  
t h e  e v e n t  o f  i n a c t i v i t y  f o l l o w i n g  a c o o l i n g  s y s t e m  f a i l u r e ,  u n p r o t e c t e d  
a l u m i n u m  w o u l d  r a p i d l y  o v e r h e a t ,  r e s u l t i n g  i n  c a t a s t r o p h i c  f a i l u r e .  
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0 - T H I S  STUDY. REFINED  TRAJECTORIES. 2 . 5 9  PULL-UP 
tp; f%oGti$?+t#'ORT 
0.4  r q = CRUISE  DYNAMIC PRESSURE 
r 2 2 . 2  kPa 
kPa 
l b f / f t z )  
START OF ABORT  MACH  NUMBER 
FIGURE 24 
COMPARISON OF ABORT  MANEUVER  HEAT  LOADS 
Provid ing  a redundant  cool ing system may n o t  i n  a l l  i n s t a n c e s  e n s u r e  
aga ins t   such  a f a i l u r e .  T h e r e f o r e ,  t h e  o b j e c t i v e  o f  t h i s  p o r t i o n  o f  t h e  s t u d y  
w a s  t o  d e f i n e  a n d  e v a l u a t e  t h e r m o s t r u c t u r a l  c o n c e p t s  f o r  a c t i v e l y  c o o l e d  
s t ruc tu re  wh ich  w i l l  abso rb  an  abor t  hea t  l oad  in  case of cooling s y s t e m  
f a i l u r e .  
The bas i c  concep t s  i nves t iga t ed  inc luded  th i ckened  ou te r  sk in ,  p re -  
cooled  sk in  (a  material used during normal  operat ion a t  a t empera tu re  l eve l  
w e l l  below i ts  temperature  l i m i t  t o  p r o v i d e  a d d i t i o n a l  h e a t  s i n k  c a p a c i t y ) ,  
o v e r c o a t s  ( i n c l u d i n g  i n s u l a t i v e  metallic hea t  sh ie lds) ,  undercoa ts ,  and  phase-  
change materials (PCM). 
A t o t a l  of 44 Combinations of the 3 Mach numbers, 2 a i r c r a f t  s u r f a c e s  
and  bas i c  the rmos t ruc tu ra l  concep t s  were s e l e c t e d  f o r  i n i t i a l  e v a l u a t i o n .  
F igure  25 i l l u s t r a t e s  t h i s  m a t r i x .  
A f u r t h e r  s c r e e n i n g  a n d  e v a l u a t i o n  o f  t h e  c o n c e p t s  r e s u l t e d  i n  s e l e c t i o n  
o f  f i n a l i s t  c o n c e p t s  f o r  e a c h  o f  t h e  t h r e e  a b o r t  Mach numbers .  These  f ina l i s t  
concepts  were t r e a t e d  t o  more d e t a i l e d  a n a l y s e s ,  t o  d e t e r m i n e  t h e  c h a r a c t e r -  















Aluminum  Skin 
a) Kapton 
b) Silicone 
c) Silicone (40% Li02) 
d) lnsulative 
Heat  Shield 
4. Undercoated 
Aluminum  Skin 
a) Silicone (40% LiOz) 
Material  (PCM) 
Aluminum  Skin 
Alum. Honeycomb 
5. Phase Change 
6. Baseline Aluminum 
Skin 
(Unprotected 1 
Cruise (Abort) Flight Condition/Panel  Location- 
~~ .. .. . 
Mach 3 I Mach 6 
22.3 km (73,000 ft) I 27.4 k M m a % ~ ~ O O  ft) 32 krn (105,000 ft) 
I- 











0 Selected for  further  evaluation 
FIGURE 25 
MATRIX OF THERMOSTRUCTURAL CONCEPTS 
Figures  26,  2 7  and 2 8  p r e s e n t  d e t a i l s  of t he  pane l  des ign ,  coo lan t  
parameters, and maximum t e m p e r a t u r e s   f o r   t h e   f i n a l i s t   c a n d i d a t e s .  The f i n a l  
s e l e c t i o n s  are i n d i c a t e d  i n  t h e  f i g u r e s  by  check  marks. 
F igure  29  p r e s e n t s  a weight   comparison  of   the  selected  concepts .  I n  some 
cases t h e  f i n a l  s e l e c t e d  c o n f i g u r a t i o n  e x h i b i t e d  a s l i g h t  w e i g h t  p e n a l t y  com- 
p a r e d  t o  t h e  a l t e r n a t e  c o n c e p t s  o f  F i g u r e s  26 ,  2 7  and 28. I n  t h e s e  cases, 
t h e  s e l e c t e d  s y s t e m  r e s u l t e d  i n  a r e d u c t i o n  i n  a b s o r b e d  h e a t  f l u x  compared t o  
t h e  a l t e r n a t e  c o n c e p t  a n d  w a s  s e l e c t e d  t o  p r o v i d e  a more r e a l i s t i c  match 
be tween absorbed  hea t  f lux  and  ava i lab le  hea t  s ink .  
F igure  30 p r e s e n t s  t h e  w e i g h t s  f o r  t h e  b a s e l i n e  b a r e  u n p r o t e c t e d  
a c t i v e l y  c o o l e d  panels. These  weights are inc luded   for   compara t ive   purposes .  
The weights  shown are f o r  t h e  t y p i c a l  u p p e r  a n d  l o w e r  s u r f a c e  l o c a t i o n s  w i t h  
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A C T I V E L Y   C O O L E D  
A I R C R A F T  
CONCEPT SUKFACE 
THERMOSTRUCTURAL 
S I L I C O N E   O V E R C O A T  110.6  16.35  11.02  11.17 
O V E R   A L .   S K I N  
(HONEYCOMB  PANEL) ( 4 . 2 )  ( . X )  ( . 04 )   ( . 046 )  
B A R E   A L .   S K I N  
(HONEYCOMB  PANEL) 
-- 1 .02  6 .35  10.6 
--  ( . 0 4 )  ( . 2 5 )  ( 4 . 2 )  
LOWER I 1.17  1 .02 6.35 10 .2  S I L I C O N E   O V E R C O A T  
O V E R   A L .   S K I N  
(HONEYCOMB  PANEL) ( 4 )   ( . 2 5 )  (.04) ( . 0 4 6 )  
B A R E   A L .   S K I N  
(HONEYCOMB  PANEL) ( 2 . 9 5 )   ( . 2 5 )  (.04) -- 
ts = C O O L E D   P A N E L   S K I W   T H I C K N E S S  
COOLANT  PARAMETERS MAX  PANEL  TEMPERATURE 
H E A T I N G  C R U I S E   ! A B O R T  M A T E R I A L  COOLANT F L O U   R A T E  
b, 
K kPa 91 S k ; l f  n2 Ip.c cx 
TEMP  TEMP  AP P E R   T U B E   R A T E  ti 
(in.) ( O F )  ( O F )  (psid) ( lb /h r )  :Btu/sec ft2) (in.) l K  
3.2 
421 414 S I L I C O N E  (3 .2 )  ( 8 6 )  (0 .367)  ( . 0 4 )   ( 1 . 2 6 )  
386  383 A L .   S K I N  22  10.84 4.17  1.02 
(230)  
(299 )   (285 )  
(235)- 
3.2 
403  386 A L .   S K I N  49 17.65 6.36 0.97  3.07 
(239)   (221)  (6 .7 )  (1   34)  ( 0 . 5 0 3 )   ( . 0 4 )   . 2 6
388  378 A L .   S K I N  46 16.9  5.71  1.02 
(235)  
(360)   (353)  
455  451 S I L I C O N E  (7 .1 )  (140)  ( 0 . 5 6 )  ( . 038 )   (1 .21 )  
(266)  
3.07  0.97 11.55 23.8 
(290)   (235)   (11.8)  (189)   (1 .018)   ( .038)   (1 .21)  
416 386 A L .   S K I N  81.4 
P = C O O L A N T   T U B E   P I T C H  
0 = COOLANT  DEE  TUBE  OIAMETER 
h = STRUCTURAL  HONEYCOMB  DEPTH 
ti = HONEYCOMB  ACK-FACE  SHEET  HICKNESS 
A X S I L  = S I L I C O N E   O V E R C O A T   H I C K N E S S  
FIGURE 26 




ACT I ' 
DLl& 
CONCEPT D P tS %L 
cm 
( i n . )  ( i n . )  
rnm rnnl msl 
( i n . )  ( i n . )  
S IL ICONE OVERCOAT 
OVER AL. S K I N  
1.91  1.02 6.35 8.89 
(3.5) (.075) ( .04) ( . 2 5 )  
I I I I 
BARE AL.   SKIN -- ( .04).  ( . 2 5 )  (2.65) 
-- 1.02 6.35 6 .73  
INSULATED  HEAT 
-- (.04) ( . 2 5 )  ( 4 )  SHIELD 
-- 1.02 6.35 10.2 
SIL ICONE OVERCOAT 
( . 0 5 l )  ( . 142 )  ( . 2 5 )  (3.5) (SKIN/STRINGER) 
OVER AL. S K I N  
1 .3  3.61 6.35 8 . 8 9  
t, = COOLED PANEL SKIN  THICKNESS 
P = COOLANT TUBE PITCH 
D = COOLANT DEE TUBE  DIAMETER I 
ti = HONEYCOMB BACK  FACE SHEET  THICKNESS 
AXSIL = S IL ICONE OVERCOAT THICKNESS 
AX,,,? = INSULATION  THICKNESS 
h = STRUCTURAL HONEYCOMB DEPTH f SELECTED CONFIGURATIONS I IN3 to = TITANIUM  HEAT  SHIELD  MTERIAL  THICKNESS. 
FIGURE 27 
MACH 4.5 THERMOSTRUCTURAL CONCEPTS 
AIRCRAFT THERMOSTRUCTURAL PANEL WOE 
CONCEPT SURFACE 
ACTIVELY COOLED 
CX n cn 
t o  
mm ni.: 





( i n . )  ( i n . )  ( i n . )  ( i n . )  ( i n . )   ( i n . )   ( i n . )  
I 
1 UPPER I SILICONE OVERCOAT 1 7 . 4 7   1 6 . 3 5  I 1 . 0 2  I 1.42 1 3.07 I 0 . 9 1  I-- OVER AL. S K I N   ( 2 . 9 2 )   ( . 2 5 )   ( . 0 4 )   ( . 0 5 6 )   ( 1 . 2 1 )   ( . 0 3 6 )  -- 
BARE AL. SKIN -- 0.91  3.07 - -  1.02 6 .35  6.02 
( 2 . 3 7 )  -- ( . 0 3 6 )   ( 1 . 2 1 )  -- ( . 0 4 )  (.25) 
INSULATED  HEAT 0.41 1 . 0 7  3.15 -- 1.02 6 . 3 5   1 0 . 2  
SHIELD ( . 0 1 6 )   ( . 0 4 2 )  ( 1 . 2 4 )  -- ( . 0 4 )  ( . X )  (4)  
MAX PANEL TEMPERATURE 
17.64   29 .5  121 AL.   SKIN  391  454 
” I ( 1 . 5 5 4 )   ( 2 3 4 )   ( 1 7 . 5 ) ( 2 4 4 )   ( 3 5 8 )  
t s  = COOLED PANEL S K I N  THICKNESS 
P = COOLANT TUBE PITCH 
I t i  = HONEYCOMB BACK FACE SHEET THICKNESS 
AXSIL = SILICONE OVERCOAT THICKNESS 
0 = COOLANT  DEE TUBE DIAMETER  AX = INSULATION  THICKllESS 
h = STRUCTURAL HOXEYCOMB DEPTH to = RENE’ 41  HEAT  SHIELD  MATERI L T ICKNESS 
SELECTED  COHFIGURATIONS 
FIGURE 28 











i CONFIGURATION FA11 -SAFF 
(HONEY COMB COOLED S K I N ,  
PANEL TUBES, AND 
GEOMETRY) STRUCTURE 
SIL ICONE 57.0 
OVERCOAT  OVER (125.6) 
AL.  SKIN 
SIL ICONE 57.0 
OVERCOAT OVER (125.6) 
AL.   SKIN 
SIL ICONE 57.0 
OVERCOAT  OVER (125.6) 
AL.   SKIN 
. .  
INSULATED 
HEAT  SHIELD 
OVER AL.  SKIN 
SIL ICONE 
OVERCOAT  OVER 






HEAT  S IELD (125.6) 
OVER AL.   SKIN 
iTEM WEIGHT  PER 7.43 m2 (80 f t2) P&\EL % k 
MANIFOLDS 1 HEAT  SHIELD I ACTIVE *r ' W A A  i;:klT 
AND NON- AND COOLING  DETECTION k q / d  
OPTIMUMS INSULATION SYSTEM A SYSTEM A (lbm/ft2)  
37.0 3.5 4.8 1.2 103.5 13.91 
(81.6) (7 .7)  (10.6) (2 .6)  (228.1) , (2.85) 
-. 
37.0 3.5 6.6 1 . 3  105.4 14.16 
(81.6) (7 .7)  (14.5) (2.8) (232.2) .(2.90) 
37.0 5.7 8.1 1.5 109.3 14.70 
(81.6) a (12.5) (17.8) (3 .2)  (241.0) (3.01) 
(45.5) (81.6) I (i::) I (2 .8)  I (lg::!?) I (3.33) 1.3  16.26 
37.0  4.2  10.3  1.7 
(81.6)  (9.3)  (22.8) 
NOTES: A SYSTEM i lEAT  LOAD IS EQUAL TO, O R  LESS TIikL'.;, AVAILABLE HYDROGEN FUEL FLOU  HEAT S I N K  CA?ACITY. 
A F L U I D   F I L L E D  TUBE (PHASE CHAFIGE) FAILURE  DETFCTION ELEMENTS.  WEIGHT BASED ON TUSE PITCH. 
SYSTEM IJEIGHT ! S  0.168 k g / d  (0.0345 lbmlftl) FOR 10.4 cm ( 4  I n . )  TUBE PITCH.  'COOLING SYSTEM WEIGHT 
INCLUDES  FAILURE  DETECTION WEIGHT FOR BASIC COOLING SYSTEM. 
FIGURE 29 
FAIL-SAFE SYSTEM  WEIGHTS 
1 SURFACE NO. MACH AIRCRAFT 
3 UPPER 











Tw = 366K (200°F)  
SAME  AS  ABOVE 
SAME  AS  ABOVE 
SAME AS  ABOVE 
SAME  AS  ABOVE 






(127 .7 )  
58.3 
(1  28.6 
59.0 
( 1 3 0 )  
59.7 
(131 .7 )  
59.0 
(130 .1 )  
60.7 
(1   33 .8)  
iHT  PER 7.4 
MAN1  FOLDS 
OPTIMUMS 




(81 .6 )  
37.0 
(81 .6)  
37.0 
(81 .6 )  
37.0 
(81 .6)  
37.0 
(81 .6 )  








WEL '~r kq 

























(272.7)  "_ 






NOTES: A ACTIVE COOLING SYSTEM HEAT LOADS  EXCEED AVAILABLE HYDROGEN FUEL FLOW HEAT SINK CAPACITY. 














BASELINE SYSTEM WEIGHTS 
h e a t i n g  rates, a t  c r u i s e ,  e q u a l  t o  t h e  a v e r a g e  f o r  t h e  e n t i r e  a i r c r a f t  u p p e r ,  
o r  l o w e r ,  s u r f a c e ,  r e s p e c t i v e l y .  As shown  by t h e  f i g u r e s ,  t h e  u n i t  w e i g h t s  
are n o t  r a d i c a l l y  d i f f e r e n t .  The base l ine  sys t ems  do n o t  h a v e  t h e  c a p a b i l i t y  
t o  s e n s e  a l o s s  o f  coo l ing  wi th in  ind iv idua l  ac t ive ly  coo led  pane l s ,  o r  t he  
c a p a b i l i t y  t o  s u r v i v e  a loss  o f  c o o l i n g .  I n  a d d i t i o n  t.he base l ine  sys t ems  do 
not  provide  a r e d u c t i o n  i n  a b s o r b e d  h e a t  f l u x  t o  a level where  bas ic  engine  
f u e l  f l o w  demands provide  adequate  hea t  s ink .  
The w e i g h t s  p r e s e n t e d  i n  F i g u r e s  29 and 30 were used  to  p rov ide  the  
system  comparisons  presented  in   Sect ion 4.1.  The overa l l  sys tem weights  are 
based on an  ave rage  va lue  fo r  t he  2980 m2 ( 3 2 , 1 3 4  f t 2 )  c o o l e d  s u r f a c e  area of 
t h e  a i r c r a f t .  T h i s  is d i s c u s s e d   i n   S e c t i o n  5 h e r e i n .  
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5 .  DISCUSSION  OF  RESULTS 
This  section  provides  a  limited  discussion  of  the  results  prerftqted  in 
Section 4 .  Complete  details  of  all  study  analyses  and  results  are  available 
in  Reference (1). 
5.1 SELECTED  FAIL-SAFE  SYSTEMS 
The  fail-safe  systems  selected  for  each  of  the  three  typical  cruise  Mach 
number  conditions  are  discussed,  The  key  issues  are:  failure  detection, 
thermostructural  concepts  to  provide  reasonable  structural  temperatures  during 
an  abort,  and  matching  of  absorbed  heat  flux  with  the  available  heat  sink. 
o Mach 3 Fail-safe  System - A s  shown  in  Section 4.1, the  fail-safe  sys- 
tem  as  configured  for  Mach 3 cruise  used  silicone  elastomer  overcoats  on  both 
the  aircraft  upper  and  lower  surfaces.  The  silicone  overcoats  were  selected 
primarily  to  provide  a  reduction  in  cruise  heat  transfer to the  actively 
cooled  structure.  This  is  illustrated  by  a  comparison f Figures 31 and 32, 
and  by  Figure 3 3 .  
Figure 31 shows  the  transient  temperature  characteristics  of  the  bare 
aluminum  panels  (baseline)  for  Mach 3 abort.  The  maximum  temperatures  exper- 
ienced  by  the  aluminum  structure  remain  below  the  reuse  limit  of 450 K (350OF). 
Figure 32 shows  the  transient  temperatures  for  the  silicone  overcoated  panels 
during  abort.  The  temperatures  of  the  aluminum  structure  are  below  those  for 
the  bare  panels.  However,  the  reductions  in  temperature  are  not  enough  to 
justify  selection  of  the  silicone  overcoat  rather  than  the  bare  panel  designs. 
The  key  to  the  selection  of  the  silicone  was its in ulative  charactcristics 
which  reduced  absorbed  heat  flux. 
The  impact  of  the  addition  of  the  silicone  overcoat  is  illustrsted  by 
Figure 33. A s  shown,  increasing  the  overcoat  thickness  (which incmases 
external  surface  temperature  and  heat  rejection  by  radiation)  does  not  result 
in  any  measurable  weight  penalty  until  thicknesses  in  excess  of  the  selected 
value  are  added.  The  absorbed  heat  flux,  for  the  selected  thickness, is 
equal  to  the  available  heat  sink  capacity of engine  fuel  flow. 
The  estimate  of  available  heat  sink  capacity  is  based  on  the  use  of 
duct  burning  turbofan  engines  for  Mach 3 cruise.  Data  on  typical  fuel  flow 
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o 1.02 mm (0.04 in. )  AL. PANEL 
o HEAT  CAPACITY OF PANEL  SUPPORT  STRUCTURE  AND 
COOLANT WITHIN  TUBES EXCLUDED IAILi / 15 SECOND RESPONSE  TIME 
I ABORT 
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FIGURE 31 
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o SILICONE.OVERCOAT  HICKNESS = 1.17 mn (0.046 in.) 
o ALUMINUM  SKIN  THICKNESS = 1.02 mn (0.04 in.) 
o HEAT  CAPACITY OF PANEL  SUPPORT  STRUCTURE  AND  COOLANT 
W I T H I N  TUBES  EXCLUDED 
S I L I C O N E  SURFACE  TEMP. 
- - " A L .   S K I N  TEMP. 
UPPER  SURFACE 
' -50 0 50 1 00 150 200 
T I M E  - SECONDS 
FIGURE 32 
SILICONE  OVERCOAT  CONCEPT  ABORT  TEMPERATURE RESPONSE 
(MACH 3 UPPER AND LOWER  SURFACES) 
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1 )  TYPICAL UPPER 6. LOWER PANELS 
o PANEL S I Z E  = 1 .2  m x 6.1 m ( 4  ft x 2 0  f t) 
o 1.02-mm (0.04 i n . )  AL.   SKIN '  
o PANEL COOLANT INLET TEMP = 255K (C)'F);  OUTLET = 322K ( 120°F) 
o SYSTEM AP = 1 .17  MPa ( 1 7 0  p s i d )  
2 )  PANEL WEIGHTS EXCLUDE SUPPORT STRUCTURE 
0 0 . 5  1 .o 1 . 5  2 . 0  2.5 
I I I I I I 
0 0.02 0.04 0.06 0.08 0 . 1 0  
OVERCOAT THICKNESS - mrn 
OVERCOAT THICKNESS - i n .  
FIGURE 33 
MACH, 3 CRUISE - SILICON€ OVERCOAT 
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Temperature rise of t he  hydrogen  fue l ,  upon a b s o r b i n g  t h e  h e a t ,  w a s  l i m i t e d  
t o  a 278 K (500°F)  increase.   Thus,   the  hydrogen limit temperature  '..qs approx- 
imate ly  311 K (100°F). 
An ana lys i s  o f  t he  pane l  ove r t empera tu re  de t ec t ion  e l emen t s  i nd ica t ed  
t h a t  a pane l  over tempera ture  condi t ion  (comple te  l o s s  o f  coo l ing  in  one  tube )  
cou ld  be  sensed  in  less than 15  seconds  wi th  the  senso r  loca t ed  ad jacen t  t o  
the  coolan t  tubes .  
0 Mach 4.5  Fail-safe  System - Figure  34 shows t r a n s i e n t  t e m p e r a t u r e  
c h a r a c t e r i s t i c s  o f  t h e  b a r e  b a s e l i n e  aluminum panels  dur ing  an a b o r t  mode 
descent .  Maximum abor t  t empera tu res  are w e l l  above  the  reuse  l i m i t  of 450 K 
(350°F)-   Wi thout   de tec t ion   of   the  loss of   coo l ing ,   and   t hus ,   no   abor t ,   t he  
typ ica l  uppe r  su r face  pane l  wou ld  r each  a s t e a d y  s ta te  temperature of about 
561 K (550'F). The lower   sur face ,   under  these conditions,   would  reach a 
temperature   level   of   about   663 K (734°F) .   Under   these  condi t ions,   and 
e s p e c i a l l y  i f  t h e  a i r c r a f t  were t o  p u l l  l o a d  f a c t o r s  h i g h e r  t h a n  n o r m a l  
c r u i s e  l o a d  f a c t o r ,  s t r u c t u r a l  f a i l u r e  c o u l d  t a k e  p l a c e .  
F igures  35 and 36 show t h e  t e m p e r a t u r e s  e x p e r i e n c e d  b y  t h e  s e l e c t e d  f a i l -  
s a fe   concep t s   du r ing   abor t .  A s  shown, the   t empera tures  of t h e  s t r u c t u r e  
remain  below  the  reuse limit of 450 K (350°F). The i n s u l a t i o n  u s e d  f o r  t h e  
lower  su r face  des ign  was a f i b r o u s  g l a s s  f e l t  w i t h  a d e n s i t y  of 64.1 kg/m3 
(4  lbm/ft3)  and a 922 K (1200°F) cont inuous  use  temperature .  The i n s u l a t i o n  
packages were assumed  bonded d i r e c t l y  t o  t h e  aluminum s k i n  o f  t h e  Par!el* 
The s e l e c t e d  f a i l - s a f e  s y s t e m ,  as desc r ibed  in  Sec t ion  4 .1 ,  on ly  r equ i r e s  
about 41% o f  t h e  a v a i l a b l e  f u e l  h e a t  s i n k  c a p a c i t y .  The a v a i l a b i 1 i t . y  of h e a t  
s i n k  was es t imated  f rom a c o r r e l a t i o n  o f  t y p i c a l  h y d r o g e n  f u e l  f l o w  F e r  square  
foo t  o f  we t t ed  area b a s e d  o n  t y p i c a l  a i r c r a f t  c o n f i g u r a t i o n s  a n d  a d v m c e d  
turboramje t   engines .   F igure  37 p r e s e n t s   t h i s   c o r r e l a t i o n .  The a v a i l a b l e  tem- 
p e r a t u r e  rise o f  t he  hydrogen  fue l  w a s  assumed l imi ted  wi th  a maximum temper- 
a t u r e  o f  3 1 1  K ( I O O O F )  after a b s o r b i n g  t h e  a i rc raf t  hea t  l oad .  
The f l u i d  f i l l e d  t u b e  elements, u s e d  t o  p r o v i d e  a warn ing  o f  s t ruc tu ra l  
overtemperature  condi t ions,  would be located near t h e  c o o l a n t  t u b e s ,  f o r  t h e  
s e l e c t e d  t h e r m o s t r u c t u r a l  c o n c e p t s .  As shown by   F igures  35  and  36, t h e  alum- 
inum s k i n  o v e r  t h e  c o o l a n t  t u b e s  e x p e r i e n c e  t h e  g r e a t e s t  increase i n  tempera- 
































o 1.02 mn (0.04 in.) AL. PANEL 
o HEAT  CAPACITY OF PANEL SUPPORT  STRUCTURE AND COOLANT 
WITHIN TUBES  EXCLUDED 
“1 1 5  SECOND RESPONSE TIME 
I ‘  
rAILURE I I 
-1 00 0 100 2 0 0  300 400 500 
TIME - SECONDS 
FIGURE 34 






S I L I C O N E  OVERCOAT 
I 7 1  ' 
I AL.   SK IN  7 
T3 TZ 
A L .  HONEYCOMB 











TIME  -*SECONDS 
FIGURE 35 
MACH 4.5 UPPER SURFACE  TEMPERATURES  DURING  ABORT 





TIME - SECONDS 
FIGURE 36 
MACH 4.5 LOWER SURFACE  TEMPERATURES  DURING  ABORT 




IC 4 1  
0 4  0 
SYMBOL  DATA SOURCE ENGINE  TYPE 
0 CURRENT  STUDY TURBO-RAMJET 
0 REFERENCE 14. TURBO-RAMJET 
A REFERENCE 7 DUCT BURNING TURBOFAN 
A REFERENCE 3 TURBO-RAMJET 
n REFERENCE 15 SCRAMJET 
o HYDROGEN FUEL FLOW PARAMETER = 
TURBINE 
OPEN  SYMBOL - START OF CRUISE 
e’ CLOSED  SYMBOL - END OF CRUISE 
/ FLAGGED  SYMBOL - CRUISE AVERAGE 
CRUISE MACH NUMBER 
FIGURE 37 
HYDROGEN  FUEL FLOW  PARAMETER FOR HIGH 
MACH  NUMBER  CRUISE  AIRCRAFT 
response  time.  Based  on an analysis  of  sensor  characteristics  it  is  judged 
that  sensor  response  would  be  within  the  15  second  lag  between  failure  and 
abort  used  in  thermal  analyses  of  the  panel  concepts. 
. o Mach 6 Fail-safe  System - Figures  38,  39  and 40 are  presented  to 
illustrate  the  transient  temperature  characteristics  experienced  during  an 
abort  from  Mach 6 cruise.  Figure  38  shows  the  temperature  response  of  a  bare 
aluminum  panel.  The  temperatures,  if  the loss in  cooling  is  detected  and 



































o 1.02 mn (0.04 i n . )  AL. PANEL 
o HEAT  CAPACITY OF PANEL  SUPPORT  STRUCTURE AND 
COOLANT W I T H I N  TUBES  EXCLUDED 
. . .~~~ " . ~ - " 
4 k 15 SECOND RESPONSE T I M E  
I 
I LOWER SURFACE E 
X=27.4 m (90 ft) 
I '  
I t  \ 
I 1 I I I 
- ". . 
-100 0 100 200 300 400 500 
T I M E  - SECONDS 
FIGURE 38 




















T 4  I AL. FACE  SHEET I 
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I 350- T3 
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-100 0 100 200 300 400 5 
TIME - SECONDS 
FIGURE 39 
MACH 6 UPPER SURFACE  TEMPERATURES  DURING  ABORT 















































I ! I 
AL. HONEYCOMB 
I AL. FACE  SHEET I 
1 
IC 
I I  
I I 1 I 
-1 00 0 100 200 300 400 500 
TIME - SECONDS 
6( I 
FIGURE 40 
MACH 6 LOWER SURFACE  TEMPERATURES  DURING  ABORT 
(INSULATIVE  HEAT  SHIELD CONCEPT) 
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about  491 K (425OF) on  the  uppe r  su r face .  I f  unde tec t ed ,  t he  lo s s  of  cooling 
c o u l d  r e s u l t  i n  t e m p e r a t u r e s  o f  n e a r l y  922 K (1200OF) on  the  lower  iur face  
and  589 K (600'F)  on the  uppe r  su r face .  
F igu res  39 and 40  show the  t empera tu re  r e sponse  o f  t he  se l ec t ed  Mach 6 
the rmos t ruc tu ra l  concep t s  fo r  t he  uppe r  su r face  and  lower  su r face ,  r e spec -  
t ive ly .   Peak   tempera tures  are modera te   dur ing   the   abor t .  The upper   sur face  
s t r u c t u r e  r e a c h e s  463 K (337OF) a n d  t h e  l o w e r  s u r f a c e  s t r u c t u r e  r e a c h e s  465 K 
(377OF), fo r  t he  15  second  r e sponse  time. 
The t h e r m o s t r u c t u r a l  c o n c e p t s  s e l e c t e d  f o r  Mach 6 c r u i s e  r e d u c e  t h e  
absorbed  hea t  load  to  only  about  47% of a v a i l a b l e  f u e l  h e a t  s i n k  c a p a c i t y .  
A g a i n ,  t h e  a v a i l a b i l i t y  o f  h e a t  s i n k  w a s  der ived from the Figure 37 c o r r e l a t i o n .  
The Freon f i l l e d  t u b e  e l e m e n t s  ( l o c a t e d  a d j a c e n t  t o  t h e  c o o l a n t  t u b e s )  
u sed  to  p rov ide  ac t ive ly  coo led  pane l  t empera tu re  mon i to r ing ,  can  de tec t  t he  
l o s s  of  an  ind iv idua l  coolan t  tube  cool ing  func t ion  wi th in  about  5 seconds 
a f t e r  f a i l u r e .  The same element,  i f  l oca t ed  a t  the  midpoint   between  tubes,  
r equ i r e s  abou t  13  seconds  to  s igna l  t he  lo s s  of a tube  funct ion.   These  sen-  
s o r s ,  l o c a t e d  n e x t  t o  t h e  l o w e r  s u r f a c e  c o o l a n t  t u b e s ,  c o u l d  p r o v i d e  a warning 
of l o s s  of t ube  coo l ing  func t ion  in  abou t  11 seconds.  
5.2 FAILURE DETECTION 
Figure  4 1  p r e s e n t s  c a n d i d a t e  f a i l u r e  d e t e c t i o n  m e t h o d s  f o r  t h e  f a i l u r e  
modes i d e n t i f i e d  f o r  t h e  a c t i v e  c o o l i n g  s y s t e m .  F a i l u r e  c u e s  are shown i n  a 
manner t o  i n d i c a t e  t h e  s e q u e n c e  i n  w h i c h  t h e y  would be expected to  occur ,  thus 
sugges t ing  pr imary  fa i lure  de tec t ion  methods  which  a l low the  most time f o r  
r e a c t i o n .  
Conven t iona l  i n s t rumen ta t ion  ( i . e . ,  p re s su re  and temperature  sensors ,  
f l o w m e t e r s ,  e t c . )  c a n  s a t i s f a c t o r i l y  b e  employed fo r  de t ec t ing  mos t  sys t em 
f a i l u r e s .  However, d e t e c t i o n  o f  f l o w  r e s t r i c t i o n  of i n d i v i d u a l  t u b e s  w i t h i n  
t h e  a c t i v e l y  c o o l e d  p a n e l s  b y  t h e s e  m e t h o d s  p r e s e n t s  s i g n i f i c a n t  p r s c t i c a l  
problems because of the l a r g e  number (over 400) of pane ls .  
However, this t y p e  o f  f a i l u r e  would e s s e n t i a l l y  h a v e  n o  e f f e c t  on any 
other  measurable  system parameters  (i.e., coo lan t  f l owra te ,  AP, or  tampera- 
t u r e s  of the overa l l  coolan t  sys tem or  even  of  an  ind iv idua l  pane l ) .  The 
f a i l u r e  c o u l d  b e  i s o l a t e d  t o  one p a n e l ,  o r  e v e n  t o  A p a r t  o f  a panel ,  wi thout  
producing a d i s c e r n i b l e  e f f e c t  on the remainder of the system. 
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Candidate  failure  detection  methods (N = sequence of failure cues1 
Primary  failure  detection  methods 
A Depicts  failure  modes  backed up b y  redundancy 
FIGURE 41 
METHODS OF ACTIVE  COOLING SYSTEM FAILURE  DETECTION 
Pref l ighr  de tec t ion  of  c logged  tubes  might  be  achieved  by  v isua l  inspec-  
t i o n  f o r  d e n t s  o r  u s e  of some method such as i n f r a r e d  s c a n n i n g  f o r  I d e n t i f y i n g  
i n t e r n a l  r e s t r i c t i o n s .  However, d e t e c t i n g  a r e s t r i c t e d   c o o l a n t   t u b e ,   o r  a 
debonding  of  the  tube  f rom the  sk in ,  requi res  sens ing  the  pane l  loca l  sk in  
t e m p e r a t u r e  e i t h e r  d i r e c t l y . o r  i n d i r e c t l y .  
One o f  t he  s tudy  gu ide l ines  w a s  t o  c o n s i d e r  d e t e c t i o n  of l oca l  "ho t  spo t s "  
a primary concern.  The  problem requi res  both  fas t  response  time and the capa- 
b i l i t y  t o  s u r v e y  a l a r g e  s u r f a c e  area w i t h  a small number  of sensors .  Sensors  
i n  c o n t a c t  w i t h  t h e  p a n e l  s k i n  are s u b j e c t e d  t o  a l l  o f  t h e  p r a c t i c a l  p r o b l e m s  
a s s o c i a t e d  w i t h  t h e  u s e  o f  more convent iona l  tempera ture  sensors .  A vast ne t -  
work would be required and would r e s u l t  i n  a highly complex system. Therefore ,  
a list of schemes w a s  expanded t o  i n c l u d e  as many approaches as poss ib l e .  
These  approaches  included  thermistors,   thermocouples,   thermal  fuses,   bimetal  
a c t u a t o r s ,  t h i n - f i l m  c a p a c i t o r s ,  t h i n - f i l m  r e s i s t o r s ,  p a i r e d  t r a n s i s t o r s ,  
e u t e c t i c  sa l t  t empera tu re  sens i t i ve  e l emen t s ,  fu s ' i b l e  metal a l l o y  e l e c t r i c a l  
c i r c u i t  g r i d s ,  s e a l e d  t u b e  e l e m e n t s  c o n t a i n i n g  f l u i d s ,  i n f r a r e d  s c a n n i n g ,  
t he rmograph ic  phosphors ,  t empera tu re  sens i t i ve  pa in t s ,  release of a tracer 
material f rom tempera ture  sens i t ive  sur face  coa t ings  which  seed  the  ex terna l  
boundary  layer ,  release of a tracer material wi th in  coo lan t  t ubes ,  etc. These 
approaches were given two l e v e l s  of sc reening  and  the  surv iv ing  candida tes  
eva lua ted  on t h e  b a s i s  o f  c o s t ,  r e l i a b i l i t y ,  relative weight,  and response 
time . 
\ 
These  surv iv ing  candida tes  were: 
o E u t e c t i c  s a l t  e lements   ( res i s tance   change)  
o F lu id   P i l led   tube   e lements   ( thermal   expans ion)  
o F lu id   f i l l ed   tube   e lements   (phase   change)  
o In f r a red   s cann ing   ( su r face  I R  emission)  
0 
On the  bas i s  o f  t he  eva lua t ion  and  add i t iona l  examina t ion  of compatibil-  
i t y  w i t h  s e l e c t e d  t h e r m o s t r u c t u r a l  c o n c e p t s ,  t h e  f i e l d  w a s  narrowed t o  two 
f i n a l i s t  a p p r o q c h e s .  T h e s e  were t h e  e u t e c t i c  sa l t  e l e m e n t s  ( e l e c t r i c a l  resis- 
tance  change)  and  Freon  f i l l ed  tube  e lements  (phase  change) .  
Both types of elements can provide a s i g n a l  upon l o s s  o f  i n d i v i d u a l  p a n e l  
c o o l i n g  i n  less time than  the  15  second de lay  used  in  abor t  thermal  ana lyses .  
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The e u t e c t i c  sa l t  elements  would r e s u l t  i n  a pena l ty  ( f ixed  we igh t  
i n c r e a s e )  Of 1.79 Mg (3952 lbm) t o  t h e  a i r c r a f t  b a s e d  on an average tube 
p i t c h  of  10.16 cm ( 4  i n . ) .  The  Freon f i l l e d  t u b e  e l e m e n t s  would r e s u l t  i n  
a p e n a l t y  of 0.5 Mg (1109  lbm). 
T h u s ,  t h e  F r e o n  f i l l e d  t u b e s  w o u l d  b e  s u p e r i o r  t o  t h e  e u t e c t i c  sa l t  ele- 
m e n t s .  I n  a d d i t i o n ,  t h e  e u t e c t i c  sa l t  e l emen t   can   on ly   p rov ide   f a i lu re  
ind ica t ion  whereas  the  Freon  tubes  provide  a cont inuous  moni tor ing  capabi l i ty .  
The e u t e c t i c  sa l t  elements  are s t a t e -o f - the -a r t .  The  Freon f i l l e d  t u b e  
element  approach,  to  our  knowledge,  has  never  been considered for .  appl icat ion 
as a f a i l u r e  d e t e c t i o n  d e v i c e  and would require considerable development.  
The r i s k  a p p e a r s  low i n s o f a r  as the  engineer ing  technology is concerned. The 
m a j o r  c o s t / r i s k  f a c t o r  w o u l d  b e  i n  t h e  f a b r i c a t i o n  and i n s t a l l a t i o n  of a 
r e l i a b l e  f u n c t i o n i n g  s y s t e m .  The impact   on  panel   fabr icat ion  cost   (assuming 
a fu l ly  deve loped  tube  sys t em)  i s  es t ima ted  to  be  approx ima te ly  the  same f o r  
e i t h e r  a p p r o a c h .  It may p r o v e  t h a t  some f l u i d  o t h e r  t h a n  F r e o n  w i l l  be  more 
d e s i r a b l e  i n  t h i s  a p p l i c a t i o n .  However,  Freon i l l u s t r a t e s  t h e  b a s i c  p r i n c i p a l  
of  opera t ion .  Determina t ion  of  the  optimum f l u i d  t o  u s e  is considered as p a r t  
of  the required development .  The conclus ion  was t h a t  t h e  p o t e n t i a l  p a y o f f  o f  
t h e  F r e o n  f i l l e d  s e n s o r s ,  a s a f e  a i r c r a f t  s y s t e m ,  a p p e a r s  t o  j u s t i f y  t h e  
s e l e c t i o n  o f  t h i s  a p p r o a c h  f o r  i n t e g r a t i o n  i n t o  a d v a n c e d  t e c h n o l o g y  a i r c r a f t .  
5.3 ABORT TRAJECTORIES 
The  most n e b u l o u s  o f  t h e  t r a j e c t o r y  c o n s t r a i n t s  u s e d  i n  t h e  s t u d i e s  were 
t h e  p h y s i o l o g i c a l  l i m i t a t i o n s  o f  t h e  crew and passengers .  These  l imi ta t ions  
were i n f l u e n c e d  s i g n i f i c a n t l y  by d i s c u s s i o n s  w i t h  a i r l i n e  p i l o t s .  A f t e r  
hear ing  an  explana t ion  of why abort  maneuvers are a requi rement  for  the  "Fa i l -  
Safe Abort  System" a i r c r a f t ,  t h r e e  o u t  of t h r e e  p i l o t s  r e l a t e d  t h e s e  maneuver 
to  co l l i s ion  avo idance  maneuver s .  In  a l l  cases t h e  f e e l i n g  w a s  t h a t  t h e  
c rew would  "pul l  the  wings  of f"  to  avoid  a m i d - a i r  c o l l i s i o n .  The a b o r t  
f rom high  speed  cru ise  was p l a c e d  i n  t h e  same ca tegory .  The a i r c r a f t  would 
be  maneuvered t o  its maximum "g - load"  capab i l i t y .  Pas senge r  sa fe ty  du r ing  
t h e  maneuver  would  be a major concern.  However, t h e  p r ime  concern is t o  s a v e  
t h e  m a j o r i t y .  
The maximum a l l o w a b l e  i n f l i g h t  l o a d  f a c t o r s  d e f i n e d  f o r  t h e  b a s e l i n e  air- 
c r a f t   ( R e f e r e n c e  (5)) were u s e d  i n  f i n a l  t r a j e c t o r y  s t u d i e s .  The b a s e l i n e  
a i rcraf t  was d e s i g n e d  f o r  a l i m i t  l o a d  f a c t o r  ( n i l  of +2.5 ,  -1.0 (Z d i r e c t i o n  
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p o s i t i v e  upward) a t  t h e  n o r m a l  s t r u c t u r a l  p a n e l  o p e r a t i n g  t e m p e r a t u r e s  o f  
366 K (200'F) average,  394 K (250OF) maximum. Ultimate shear   and   bmdlng  
moment c u r v e s  f o r  t h e  b a s e l i n e  a i r c r a f t  are a v a i l a b l e  i n ' R e f e r e n c e  ( 5 ) .  
Fo r  an  abor t  cond i t ion ,  Re fe rence  (15 )  spec i f i e s  t ha t  t he  s t ruc tu re  
must  be  capable  of  carrying 80% of the  des ign  l i m i t  loads.  A l l  of t h e  f i n a l  
s e l e c t e d  p a n e l  d e s i g n s  are capable  of  carrying more than 100% desFgn l i m i t  
load a t  478 K (400OF). 
A t o t a l  o f  1 5  d e s c e n t  t r a j e c t o r i e s  were i n v e s t i g a t e d ;  8 f o r  Mach 6 ,  3 f o r  
Mach 4.5,  and 4 f o r  Mach 3. One o f  t h e s e  f o r  e a c h  Mach number was descent  a t  
maximum L/D t o  p r o v i d e  a r e fe rence  descen t  hea t  l oad .  In  a l l  cases, the most  
e f f e c t i v e  a b o r t  d e s c e n t  t o  r e d u c e  o v e r a l l  aircraft hea t  l oads  was found t o  b e  
zoom type maneuvers. These maneuvers used a maximum g- load  pul l -up  to  the  max- 
imum ang le  of a t t a c k  (20') g l ide  cond i t ion .  Bank a n g l e  w a s , u s e d  t o  c o n t r o l  
a p o g e e  a l t i t u d e  (minimum dynamic  pressure  of  4.79  kPa (100 l b f / f t 2 ) ) .  T h i s  
insured adequate  aerodynamic control  a t  apogee. 
Drag brakes were i n v e s t i g a t e d  as a means  of reducing L / D ,  and thus 
descent  time, a t  Mach 6 .  However, t h e  70.7 m2 ( 7 6 1  f t 2 )  of split rudder  
opened a t  45" f l a r e ,  u t i l i z e d  as a drag brake,  was  n o t  e f f e c t i v e  at t h e  
h igher  angles  of  a t tack .  The k i n e t i c  e n e r g y  of t h e  a i r c r a f t  a t  Mach 6 c r u i s e  
completely  overpowers   the  avai lable   drag  brake area. It i s  h igh ly  douh t fu l  
i f  i t  is practical  t o   i n s t a l l  a large enough drag brake area on an i i r c r a f t  
of t h i s  s i z e  t o  make any s i p i f i c a n t  d i f f e r e n c e  i n  d e s c e n t  time. 
F igure  42 provides  a comparison of a maximum L/D descent and a zoom type  
abor t  descen t  from Mach 6 c r u i s e .  The ang le  of a t t ack  du r ing  va r ious  descen t  
time s t e p s  w a s  he ld  cons t an t ,  excep t  fo r  t he  zoom. This   descent  mode r e s u l t s  
i n  a p h u g o i d  o s c i l l a t i o n .  The o s c i l l a t i o n  c o u l d  be prevented by moddat ing 
t h e  a n g l e  of a t t a c k  so t h a t  t h e  e q u i l i b r i u m  a l t i t u d e  c o r r e s p o n d i n g  t i )  t h e  
l i f t  c o e f f i c i e n t  is maintained.  However, t h i s  t y p e  of t r a j e c t o r y   d o e s   n o t  
r educe  the  Mach number as r a p i d l y  as t h e  o s c i l l a t i n g  t r a j e c t o r y .  The maximum 
L/D descen t  r e su l t ed  in  an  ave rage  hea t  l oad  o f  11 .08  MJ/m2 (975  Btu / f t2) .  
The zoom maneuver  resu l ted  in  an  average  of  2 .83  MJ/m2 (249 B t u / f t 2 ) .  
T h e s e  r e s u l t s  are c o n s i s t e n t ,  i n  terms of relative descen t  hea t  l oads ,  w i th  
t h e  r e s u l t s  o f  R e f e r e n c e  ( 8 ) .  
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MACH 6 DESCENT  TRAJECTORIES 
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5 . 4  FAIL-SAFE  THERMOSTRUCTURAL  CONCEPTS 
The capab i l i t y  o f  t he  the rmos t ruc tu ra l  concep t s  w a s  eva lua ted  on t h e  
b a s i s  o f  w e i g h t ,  c o n s i d e r i n g  maximum s t r u c t u r a l  t e m p e r a t u r e s  d u r i n g  a b o r t ,  
a b o r t  h e a t i n g  rates, a n d  t o t a l  h e a t  l o a d .  An a d d i t i o n a l  c o n s i d e r a t i o n  was 
t h e  s t r u c t u r a l  c o o l i n g  r e q u i r e m e n t s  d u r i n g  c r u i s e ,  s i n c e  some of  the concepts  
cou ld  exceed  the  ava i l ab le  hea t  s ink  capac i ty  du r ing  c ru i se  ope ra t ion .  
Selected combinat ions of upper  and lower surface concepts  were devised 
t o  p r o v i d e  v i s i b i l i t y  i n t o  t h e  p o t e n t i a l  o f  each  thermost ruc tura l  concept  
( f r o m  t h e  s t a n d p o i n t  o f  o v e r a l l  a i r c r a f t  i n t e g r a t i o n ) .  F i g u r e s  4 3 ,  4 4 ,  and 45 
p r e s e n t  t h e  b a s e l i n e  a i r c r a f t  c o n f i g u r a t i o n  t o t a l  c o o l e d  area weight charge- 
a b l e  t o  t h e  c o m b i n a t i o n  c o n c e p t s  ( d r y  p a n e l  w e i g h t  e x c l u s i v e  o f  s t r u c t u r a l  
suppor t  p lus  ac t ive  coo l ing  sys t em we igh t ) .  The a v e r a g e  h e a t  t r a n s f e r  t o  t h e  
coolant ,  for  each upper/ lower surface combinat ion,  i s  shown on t h e  f i g u r e s .  
An area-averaged approach w a s  used in  the  compar ison ,  where  i t  was assumed 
tha t  the  typ ica l  upper  and  lower  sur face  pane ls  cont r ibu ted  5 4 . 3  percent  and 
45 .7  p e r c e n t ,   r e s p e c t i v e l y ,  of t h e  t o t a l  a i r c r a f t  s u r f a c e  area. All con- 
f i g u r a t i o n s  shown are capable  of  an a b o r t  f r o m  c r u i s e ,  i n i t i a t e d  15 seconds 
a f t e r  a t o t a l  c o o l i n g  s y s t e m  f a i l u r e ,  w i t h o u t  e x c e e d i n g  a l l o w a b l e  m a t e r i a l  
temperatures .  
Mach 3 Concepts - A s  shown by Figure 4 3 ,  t h e  t o t a l  w e i g h t  o f  a s i l i c o n e  
overcoa t  concept ,  when app l i ed  to  bo th  uppe r  and lower surfaces ,  w a s  found to  
be   approximate ly   the  same as t h e  b a s e l i n e .  I n  a d d i t i o n ,  a v e r a g e  h e a t  t r a n s f e r  
t o  the  coo lan t  du r ing  c ru i se  wou ld  be  r educed  to  a level  which can be absorbed 
by the  hydrogen demanded b y ' t h e  a i r c r a f t  e n g i n e s .  TJeight  of the  polyimide 
overcoat concept. w a s  found to  be  cons ide rab ly  h ighe r .  
Mach 4 . 5  Concepts - The only  combina t ions  which  resu l ted  in  a match 
be tween  sys t em hea t  l oad  and  ava i l ab le  hydrogen  hea t  s ink  u t i l i ze  in su la t ive  
h e a t  s h i e l d s  o r  - 3 v e r c o a t s  ( F i g u r e  4 4 ) .  An i n s u l a t i v e  h e a t  s h i e l d  on the  lower  
sur face ,  combined  wi th  a s i l i cone  ove rcoa ted  uppe r  su r face  cou ld  p rov ide  min- 
imum cool ing system heat  load and would not  be appreciably heavier  than the 
b a s e l i n e  c o n f i g u r a t i o n .  A bare  Lockal loy lower surface combined with a si l i-  
c o n e  o v e r c o a t e d  u p p e r  s u r f a c e  r e s u l t e d  i n  minimum t o t a l  w e i g h t ,  b u t  e x c e s s i v e  
cool ing  sys tem hea t  load .  
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FIGURE 43 
MACH 3 THERMOSTRUCTURAL CONCEPTS 
o FAILURE RESPONSE TIME = 15 sec 
o TOTAL COOLE  AREA = 2985 rn2 (32,134 f t 2 )  
1621 rn B (17,449 f t 2 )  UPPER  SURFACE 
1364 rn2 (14,685 f t 2 )  LOWER  SURFACE 
o PANEL SUPPORT  STRUCTURE WEIGHT  EXCLUDE0 
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ACTIVE COOLING  SYSTEM  WEIGHT m-j HEAT TRANSFER  TO COOLANT DURING CRUISE 
THICK ! SILICONE 
AL.  SKIN I OVERCOAT 
INSULATIVE  NSULATIVE 
EAT SHIELO HEAT SHIELI 1 
FAIL-SAFE ABORT  CONCEPTS 
THICK I SILICONE I SILICONE I SILICONE 
AL.  SKIN 1 OVERCOAT I OVERCOAT I OVERCOAT 
LOCKALLOY 1 LOCKALLOY 1 SILICONE I BORON-AL. 
SKIN I SKIN I OVERCOAT I SKIN 
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FIGURE 44 
MACH 4.5 THERMOSTRUCTURAL CONCEPTS 
r POLYIMIDE 3VERCOAT LOCKALLOY SKIN 
The combined concept  of  s i l icone overcoated upper  surface with a boron- 
a luminum lower  su r face  a l so  r e su l t ed  in  an  attractive t o t a l  w e i g h t .  Haw- 
ever, t h e  h e a t  t r a n s f e r  t o  t h e  c o o l a n t  w a s  aga in  judged  excessive. 
Mach' 6 Concepts - Figure  45 i l l u s t r a t e s  t h e  a c t i v e l y  c o o l e d  p a n e l  a n d  
cool ing  sys tem weight  chargeable  to  the i n v e s t i g a t e d  Mach 6 t h e r m o s t r u c t u r a l  
concepts ,  as w e l l  as t h e  a v e r a g e  h e a t  t r a n s f e r  t o  t h e  c o o l a n t .  A s  shown, 
u t i l i z a t i o n  o f  a n y  of t h e  i n v e s t i g a t e d  t h e r m o s t r u c t u r a l  c o n c e p t s  on the lower 
s u r f a c e  o t h e r  t h a n  a n  i n s u l a t i v e  h e a t  s h i e l d  r e s u l t s  i n  e x c e s s i v e  s y s t e m  h e a t  
loads.  From b o t h  a t o t a l  w e i g h t  a n d  a b s o r b e d  h e a t  t r a n s f e r  s t a n d p o i n t ,  t h e  
s i l i cone  ove rcoa t  uppe r  su r face  combined w i t h  t h e  i n s u l a t i v e  h e a t  s h i e l d  
lower  sur face  i s  t h e  most at tractive of t h e  i n v e s t i g a t e d  c o n c e p t s .  
Lockalloy w a s  n o t  i n v e s t i g a t e d  as an  upper  sur face  material. However, 
t he  poss ib i l i t y  o f  u s ing  Locka l loy  on the  upper  sur faces  in  p lace ,  of the over-  
coated aluminum skin  should  not  be  over looked .  It i s  expec ted  tha t  a combined 
Lockal loy  upper  sur face  - i n su la t ive  hea t  sh i e ld  lower  su r face  wou ld  be  
weight  compet i t ive  wi th  the  overcoa ted  aluminum upper surface - h e a t  s h i e l d e d  
l o w e r  s u r f a c e  i n  a d d i t i o n  t o  h a v i n g  a n  a v e r a g e  level of  absorbed heat  t rans-  
f e r  below the maximum al lowable.  The use of Lockal loy has  the advantage of a 
a n  e a s y  i n s p e c t i o n  o f  t h e  s k i n  f o r  crack p r o p a g a t i o n .  I n  a d d i t i o n ,  t h e  u s e  
o f  an  a l l - sh i e lded  the rma l  p ro tec t ion  sys t em shou ld  be  cons ide red ,  aga in  
because  th i s  t ype  o f  sys t em can  be  r ead i ly  in spec ted .  
The poss ib l e  use  o f  Locka l loy  sk in  p rov ides  ano the r  po ten t i a l  app roach  
t o  t h e  t h e n n o s t r u c t u r a l  d e s i g n .  The Lockal loy  skin  could  be  operated a t  an 
e l eva ted  t empera tu re  ( in  the  589 K (600°F) t o  644 K (700°F) range)   during 
c ru i se .  Th i s  t ype  of thermost ruc tura l   des ign   would  s t i l l  h a v e  a v a i l a b l e  t h e  
t e m p e r a t u r e  i n c r e a s e  r e q u i r e d  t o  p r o v i d e  h e a t  s i n k  c a p a c i t y  d u r i n g  a b o r t  w i t h  
its 799 K (800°F) a l lowable  l i m i t .  The b ig   advantage  of l e t t i n g  t h e  a c t i v e l y  
coo led  pane l  ope ra t e  a t  a h igher  tempera ture  is  t h a t  t h e  p a n e l  c o o l i n g  s y s t e m  
could then be opt imized to  use a l a r g e r  amount of t h e  h e a t  s i n k  a v a i l a b l e  
f rom the  hydrogen  fue l .  Des ign  o f  t he  coo led  pane l s  t o  ope ra t e  a t  t h e  ele- 
va t ed  t empera tu re  wou ld  r equ i r e  the  coo l ing  sys t em to  be  des igned  to  use  
s i l i c o n e  b a s e d  c o o l a n t .  
Thermostructural  Concept  Select ion - A concept  ranking process  was per- 
formed t o  select c a n d i d a t e  f i n a l i s t  c o n c e p t s  f o r  e a c h  o f  t h e  t h r e e  a b o r t  Mach 
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o FAILURE RESPONSE TIME = 15 sec 
o TOTAL COOLED  AREA = 2985 m2 (32 ,134  f t2 )  
1621 m2 (17 ,449  f t2)  UPPER  SURFACE 
1364 m2 (14,685 f t 2 )  LOWER  SURFACE 
o PANEL SUPPORT  STRUCTURE  WEIGHT  EXCLUDED 
- ACTIVELY COOLED PANEL  WEIGHT 
ACTIVE COOLING SYSTEM  WEIGHT 
HEAT TRANSFER TO  COOLANT DURING CRUISE 
I 
# ,  .BASELINE 11 1: 
I I 
FAIL-SAFE ABORT  CONCEPTS 1 LOWER SURFACE 1 ~,;;.mm !,I THICK I SILICONE 1 ~1; 1 W;NE , SILICONE j 
UPPER SURFACE (0 .04 in. ) ' AL.  SKIN OVERCOAT AL.  SKIN OVERCOAT I OVERCOAT 
li'HEAT SHIELD HEAT SHIELD OVERCOAT 












ALLOWABLE 4 BASED ON 
ENGINE H2 FLOW  DEMAND 
FIGURE 45 
MACH 6 THERMOSTRUCTURAL CONCEPTS 
numbers.  The  concepts  surviving  the  ranking/selection  process  were  carried 
into  a  final  systems  integration  and  optimization  phase. 
Concept  ranking  required  the  establishment  of  a  consistent  and'meaningful 
rating  system  if  the  end  results  were  to  be  credible.  Therefore,  figures  of 
merit  were  utilized in the cmcept ranking  process  which  recognized  the  prime 
areas  of  importance.  Wherever  possible  the  merits  of  each  design  were  quan- 
tified.  This  was  easily  done  for  weight  and  relative  initial  cost  of  the 
thermostructural  concept-cooling  system  combinations.  However,  other  figures 
of  merit  such  as  operating  cost  and  reliability  are  functions  of  design  com- 
plexity,  damage  resistance,  damage  tolerance,  inspectability,  maintainability 
and  life,  which  could  only  be  rated  qualitatively.  Thus,  a  concept  ranking 
system  allowing  both  quantitative  and  qualitative  evaluations of che  candidate 
thermostructural  fail-safe  concepts  was  established. 
The  structural  concept  applicable  to  each  thermostructural  approach  were 
defined  before  proceeding  with  the  ranking.  Figure 46 shows  the  aircraft  lower 
surface  concepts  configured  for  Mach 6,abort.  Concepts  for  all  other  abort 
Mach  numbers  and  surface  locations  were  similar  to  one  or  another  of  the  Mach 
6 lower  surface  concepts.  Some  of  the  concepts  considered  will  require  con- 
siderable  development;  particularly  the  concepts  using  boron-aluminum,  Lockalloy, 
surface  coatings,  or  phase  change  materials.  It  was  assumed  that  all  required 
development  could  be  successfully  accomplished. 
Each  concept  was  rated  in  three  major  categories;  operating  cost,  initial 
cost,  and  reliability.  The  considerations  in  the  establishment of an  operating 
cost  figure-of-merit  were  total  weight  chargeable  to  a  given  concept  (this 
included  cooling  system  weight),  damage  resistance,  inspectability,  and  main- 
tainability.  The  initial  cost  figure-of-merit  considered  weight,  and  material 
and  fabrication  cost.  The  reliability  figure-of-merit  considered  design  tol- 
erance  to  damage,  design  complexity and inspectability.  These  three  figures- 
of-merit  were  then  grouped  into  one  overall  figure-of-merit  to  provide  a 
relative  ranking of the  concepts. 
Complete  details of this  concept  selection  procedure  are  available  in 
Reference (1). On  the  basis  of  the  ranking  of  concepts,  and  the  compatibility 
with  available  heat  sink,  the  thermostructural  concepts  listed  on  Figure 47 
were  selected f o r  further  optimization.  The  finalist  concepts  are  those  pre- 
sented  in  Section 4.4 herein. 
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DESCRIPTION CONCEPT 
@ BASELINE Honeycomb Pane l ,  2024-T81 A l .  Sk ins ,  5056-H34 A l .  
Core, 6061-T6 A l .  Tubes,  Adhesive Br:*ded. 
2024-T81 A l .  P l a t e  With In t eg ra l  Coo lan t  Passage ,  
2024-T81 Outer  Skin Welded o r  Weld-Bonded on 
P l a t e .  No o t h e r   S t i f f e n i n g  Rqd. No h e a t  
treatment a f t e r  w e l d i n g .  
A l l  P a r t s  Boron-Aluminum. 
Meta l lu rg ica l  Jo ined .  
Locka l loy  Ou te r  Sk in  ( r equ i r e s  jo in ing  of  r e l a -  
t i v e l y  small s i ze  shee t s ) ,  Locka l loy  fo rmed  
s t i f f e n e r s ,  6061-0 t u b e   b r a z e d   t o   s k i n .  No hea t  




2024-T81 P la te  wi th  In tegra l  Coolant  'Passage .  
(0.64 in)  
2024-T81 Outer Skin Welded or Weld-Boxded i n  
p l ace .  N o  o t h e r   s t i f f e n i n g   r e q u i r e d  No 
h e a t  t r e a t m e n t  a f t e r  w e l d i n g .  
BASELIlJE Base l ine   Pane l   w i th   In su la t ion   and   P re loaded  
Monoli thic  Heat Sh ie ld .  
INSULATION 
FIGURE 46 
MACH 6 LOWER SURFACE  STRUCTURAL CONCEPTS 
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CONCEPT DESCRIPTION 
UNDER$oAT 1 (1.5 i n )  38. l m  
I 
2 UNDERCOAT+^^^ 19.05mm 
@ INNER SKIN 
PCM MATERIAL 
2024-T81  Aluminum  Skin  and  Stiffener.  6061-T6 
Tube.  Tube  adhesive  bonded  to  skin.  Stiffener 
riveted  to  skin.. 
2024-T81  Plate  with  Integral  Coolant  Passage. 
2024-T81  Outer  Skin  Welded  or  Weld-Bonded  in 
place.  2024-T81  Stiffener  riveted  to  skin. 
Probably  could  reduce  frame  spacing  slightly  and 
eliminate  stiffeners.  However,  did  not  account 
for  eliminating  stiffeners. No heat  treatment 
after  welding. 
2024-T81  Skins,  5056-H34  Core,  6061-T6  tubes. 
Adhesive  Bonded.  Core  filled  with  phase  change 
material  before  bonding  inner  skin  in  place. 
Increased  honeycomb  core  void  reduces  PCM 
effectiveness. 
NOTE: STRUCTURAL CONCEPTS@ @ @, @ @ @ AND @APPLICABLE TO THERMOSTRUCTURAL 
DESIGNS  FOR  ALL  ABORT  MACH  NUMBERS  AND  AIRCRAFT  SURFACES 
FIGURE 46 (Continued) 
MACH 6 LOWER SURFACE  STRUCTURAL CONCEPTS 
I n  a l l  c a s e s ,  t h e  i n s u l a t i v e  h e a t  s h i e l d  c o n c e p t s  were app l i ed  wi thou t  
gaps between the hea t  sh i e ld  and  in su la t ion  package  o r  be tween  the  in su la t ion  
and  aluminum  panel.  This was done to   e l imina te   deg rada t ion   o f   t he rma l   pe r -  . 
formance  due t o  boundary  layer  leakage  in to ,  and  through,  the  insu la t ive-  
sys tem.   Boundary   l ayer   l eakage   can   increase   the   hea t   t ransfer  rate t o  t h e  
i n s u l a t e d  s r r u c t u r e  by s i g n i f i c a n t  amounts. 
S t r e n g t h  a n a l y s i s  of t h e  f i n a l i s t  t h e r m o s t r u c t u r a l  c o n c e p t s  were con- 
d u c t e d  t o  i n s u r e  s t r u c t u r a l  a d e q u a c y  o f  t h e  d e s i g n s  f o r  b o t h  n o r m a l  a i r c r a f t  
o p e r a t i o n  a n d  f o r  a b o r t  s i t u a t i o n s .  
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. . .. ." . .. . . . .. . . . . . - . . --. ." ." . . . - - . . . .. 
THERMOSTRUCTUEWL I BACK-UP CONCEPT  STRUCTURE I 
SILICONE OVERCOATED ALUMINUM 
ALUMINUM SKIN HONEYCOMB I 
SILICONE OVERCOATED 
ALUMINUM SKIN HONEYCOMB 
SILICONE OVERCOATED ALUMINUM 
ALUMINUM SKIN  (PRIME) HONEYCOMB 
THICKENED ALUMINUM 
SKIN (SECONDARY) HONEYCOMB I 
TITANIUM HEAT SHIELDED 
ALUMINUM SKIN  (PRIME) HONEYCOMB I I ALUMINUM 
SILICONE OVERCOATED SKIN/STRINGER 
THICK ALUMINUM SKIN 
(SECONDARY) 
SILICONE OVERCOATED ALUMINUM 
ALUMINUM SKIN  (PRIME) HONEY  COMB 
THICKENED ALUMINUM  ALUMINUM 
SKIN (SECONDARY) HONEYCOMB 
INCONEL HEAT SHIELDED ALUMINUM 
ALUMINUM SKIN  (PRIME) HONEY  COMB 
~~ 
~ 





THERMOSTRUCTURAL  CONCEPTS SELECTED FOR  OPTIMIZATION 
To m a i n t a i n  c o n t i n u i t y ,  a n d  t o  p r o v i d e  a bas i s  fo r  compar i son  wi th  p re -  
s en t  ac t ive ly  coo led  pane l  p rograms  ( see  Foo tno te* ) ,  t yp ica l  des ign  load  
requirements  of the Reference (5) b a s e l i n e  a i r c r a f t  were used t o  o p t i m i z e  
t h e  s t r u c t u r a l  p a n e l s .  T h e s e  d e s i g n  l o a d s  are c o n s i s t e n t  w i t h  t h e  f o o t n o t e d  
s t u d i e s .   F i g u r e  48 summarizes the design  load  requirements .  
Eight  of  :he n i n e  f i n a l i s t  c o n c e p t s  were adhesively bonded aluminum 
honeycomb sandwich  with  coolant   manifolds   and  dee-shaped  tubes.  The s k i n s  
*NASA Contract NAS1-12919, "Design and Fabricat ion of  an Act ively Cooled 
Panel" and NASl-13939, "Design and  Fabr i ca t ion  of Radiative-Actively Cooled 
S t r u c t u r a l  Paulel." 
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DESIGN LIMIT LOADS: nx = 5210.2 ' d / m  (1200 l b f / i n . )  
P r e s s u r e  = 56.9 kPa  (1.0 p s i )  
ULTIMATE LOADS = 1.5 times des ign  limit l o a d s  
FATIGUE AND FIUCTURE MECHANICS DESIGN CRITERIA:  
a )   C y c l i c   l o a d i n g  of k210.2 kN/m (1200 l b f / i n . )  ( s t r e s s  r a t i o  = -1) 
b) 5000 c y c l e s  a t  limit des ign   tempera tures  (20,000 cyc le s   w i th  a 
c )  C o n s t a n t   u n i f o r m   l a t e r a l   p r e s s u r e   l o a d ,   6 . 9 W a  (1.0 p s i )  
d)  Cracks w i l l  n o t  grow th rough  the  wal l  t h i c k n e s s  of coo lan t  pas sages  in  
s c a t t e r  f a c t o r  of 4.) 
20,000 c y c l e s .  
FIGURE 48 
STRUCTURAL  PANEL LOAD REQUIREMENTS 
were 2024"1'81 and  the  tubes  6061-T6  aluminum. A two  foot  intermediate frame 
spacing  was  used  in  the  analysis.  The  coolant  pressure  in  the  tubes  was 
assumed to .be 690 K Pa (100 psi). The  honeycomb  core  was 49.7 kg/m3 
(3.1 lbm/ft3)  material.  Utilizing  geometric  inputs  provided  by  thermal 
analysis of panel  requirements  the  honeycomb  structural  panels  were  opti- 
mized.  The  resulting  honeycomb  panel  structural  weights  are  summarized  in 
Figure 49. 
One  finalist  thermostructural  concept  (the  Mach 4.5 aircraft  lower  Sur- 
face  candidate  with  silicone  overcoated  aluminum  skin)  was  assumed  to  be  of 
skin/stringer  construction.  This  concept  was  evaluated  for  the  same  load 
requirements  as  the  honeycomb  structure.  Results  showed  that  a skidstringer 
panel  would  be  about  the  same  weight  as  a  comparable  honeycomb  panel.  The 
actual  panel  concept  construction  would  have  a  thick, 3.56 nnn ( 0 . 1 4  in.), 
skin  due  to  thermal  requirements.  The  weight  of  this  concept  was 15 .48  kg/m2 
( 3 . 1 7  lbm/ft2),  about 22 percent  heavier  than  an  equivalent  honeycomb  panel. 
Thus,  the  skin-stringer  concept  was  judged  to  be  more  than  adequate  from  a 
structural  viewpoint  if  designed  to  meet  the  thermal  requirements. 
The  structural  weights  derived  from  these  analyses  are  the  basis  for  the 




3.15  1.07 3.213 
(0.24) (0.042) (0.658) 
3.15  1.02 3.384 
(1.24) (0.040) (0.693) " 
3.0 1.02 3.447 
(1.18) (0.040) (0.706) 
3.15 1.07 3.232 
(1.24) (0.042) (0.662) 
~ ~~ 
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INSULATION  WEIGHTS MUST  BE ADDED  TO STRUCTURAL 
h'= DISTANCE BETWEEN CENTROIDS OF OUTER AND INNER  SKIN. 
ti= THICKNESS  OF  INNER  SKIN 
A WEIGHT  INCREMENT  FOR w I F O m S ,  PANEL  ATTACHMENTS, Am NONOPTIMUMS. 
A ADD 2.43 kg/m2 (0.498  lb,/ft2) FOR TITANIUM HEAT SHIELD (CORRUGATION 
A A D D  4.35 kg/m2(0.89 Lb,/ft2) FOR  ENE' 41 HEAT SHIELD  (CORRUGATIO'J 
STIFFENED BEADED SKIN)  AND SUPPORTS. 
STIFFENED BEADED SKIN) AND SUPPORTS. 
FIGURE 49 
HONEYCOMB  PANEL  STRUCTURAL  WEIGHT  SUMMARY 
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6. CONCLUSIONS 
The p o t e n t i a l s  o f  a "Fa i l - safe  -Abor t  Sys tem" for  use  in  ac t ive ly  cooled ,  
hydrogen   fue led ,   supersonic   and   hypersonic   a i rc raf t  were examined.  This  con- 
cept depends on t h r e e  b a s i c  e l e m e n t s :  
o De tec t ion  o f  coo l ing  sys t em ma l func t ions ,  i nc lud ing  ind iv idua l  ac t ive ly  
c o o l e d  s t r u c t u r a l  p a n e l s ;  w i t h  r e l i a b l e  a n d  r e s p o n s i v e  s e n s o r s .  
o An a b o r t  d e s c e n t  t r a j e c t o r y  w h i c h  m i n i m i z e s  t h e  a i r c r a f t  d e s c e n t  h e a t  
load.  
o Fai l -safe   thermostructural   concepts   which  minimize  the  increase  in  
s t r u c t u r a l  t e m p e r a t u r e s  d u r i n g  a b o r t  a t  minimum weight .  
Conc lus ions  r e l a t ive  to  these  e l emen t s  fo l low:  
a. Detec t ing   Cool ing   Sys tem  Fa i lure  is  State-of-the-Art - Basic   cool ing  
sys t em ma l func t ions ,  o r  f a i lu re ,  can  be  de t ec t ed  by the  use  o f  conven t iona l  
ins t rumenta t ion  such  as pressure  t ransducers ,  f low meters, t he rmis to r s  and 
the rmocoup les ,  and  l i qu id  l eve l  i nd ica to r s  fo r  measu r ing  sys t em pa rame te r s .  
b. De tec t ing  Loss of   Cool ing   in   the   Ai r f rame  Panels  is F e a s i b l e  - F a i l u r e  
( l o s s  o f  c o o l i n g )  o f  i n d i v i d u a l  a c t i v e l y  c o o l e d  s t r u c t u r a l  p a n e l s  c a n  b e  de- 
t e c t e d  by t e m p e r a t u r e  s e n s i t i v e  elements a t t a c h e d  t o  t h e  aluminum s k i n s  of the 
cooled  panels .   The  temperature   sensor   response times a p p e a r  t o  b e  s u c h  t h a t  
no s i g n i f i c a n t  w e i g h t  p e n a l t y  w i l l  be  exper ienced  due  to  de lay  be tween fa i lure  
and f a i l u r e  d e t e c t i o n .  The   tempera ture   sens ing   e lements   requi red   for   de tec t ion  
of ind iv idua l  pane l  loss  of  cool ing ,  and  the  assoc ia ted  s y s t e m  components, are 
r e l a t i v e l y  complex  and r e q u i r e  d e v e l o p m e n t .  T h e  p o t e n t i a l  b e n e f i t s  of  t h e s e  
s e n s o r s  a p p e a r  t o  j u s t i f y  t h e  d e v e l o p m e n t  r i s k .  
c. A b o r t  T r a j e c t o r i e s  S i g n i f i c a n t l y  R e d u c e  Heat Load - A b o r t  t r a j e c t o r i e s  
us ing  cons tan t  g- load  pul l -up  maneuvers  resu l t  in  descent  hea t  loads  suf f i -  
c i e n t l y  low t h a t  a b o r t  h e a t i n g  d o e s  n o t  r e s u l t  i n  s i g n i f i c a n t  t h e r m o s t r u c t u r a l  
w e i g h t  p e n a l t i e s .  
d. No Weight Pena l ty  Requ i red  fo r  Fa i l - sa fe  Fea tu res  - No thermostruc- 
t u r a l  w e i g h t  p e n a l t y  d u e  t o  a b o r t  h e a t i n g  is  i n c u r r e d  f o r  Mach 3 o r  Mach 4.5 
c r u i s e  a i r c r a f t .  D e s i g n  o f  t h e  t h e r m o s t r u c t u r a l  s y s t e m  t o  p r o v i d e  a match 
be tween  abso rbed  hea t  and  hydrogen  fue l  hea t  s ink  capac i ty  p rov ides  a thermo- 
s t r u c t u r a l  d e s i g n  c a p a b l e  o f  a b o r t  d e s c e n t .  The weight  pena l ty  due  to  Mach 6 
a b o r t  is  o f f s e t  b y  r e d u c t i o n s  i n  w e i g h t  of the active cool ing  system. The 
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"Pail-Safe" concept,  compared to an unprotected aluminum structure a i rc raf t  
carrying ade. ; , ia te  hydrogen to  meet 'a l l  cool ing  requi rements ,  w i l l  r e s u l t  
i n  a reduct ion of  the combined s t ruc tu ra l / coo l ing  sye tem/ requ i r ed  hea t  s ink  
weight.  
e. A i r c r a f t  is  Reusable   After   Abort  - S t r u c t u r a l   t e m p e r a t u r e s   d u r i n g  
abort  from Mach 3 and Mach 4.5 can  be  kept  below 450 K (350OF) t h e  p r a c t i c a l  
l i m i t  f o r  r e u s e  o f  t h e  aluminum s t r u c t u r e .  The   thermost ruc tura l   des ign ,  a t  
t h e s e  Mach numbers, is d i c t a t e d  by c r u i s e  Mach number cons ide ra t ions .  The 
maximum s t r u c t u r a l  t e m p e r a t u r e s  e n c o u n t e r e d  d u r i n g  Mach 6 a b o r t  are a func t ion  
o f  t h e  t y p e  o f  f a i l u r e  and t h e  time r e q u i r e d  t o  s e n s e  t h e  f a i l u r e .  Basic cool-  
i n g  s y s t e m  m a l f u n c t i o n ,  o r  f a i l u r e  o f  a s u r f a c e  p a n e l  t o  r e c e i v e  a d e q u a t e  
cool ing  w i l l  r e s u l t  i n  maximum abor t  t empera tu re  l eve l s  on the  o rde r  o f  4 4 3  K 
(337OF) and 465 K (377'F), fo r  t he  typ ica l  uppe r  su r face  and  l cwer  su r face  
s t r u c t u r a l  c o n c e p t s  s t u d i e d .  
I THE BASIC  ONCEPT OF "FAIL-SAFE ABORT SYSTEMS" IS COMPLETELY  FEASIBLE THROUGHOUT THE MACH 3 TO MACH 6 SPEED  RANGE. I 
In  add i t ion  to  the  p r imary  conc lus ions  s t a t ed  above ,  a comparison of 
r e s u l t s  o f  t h i s  s t u d y  w i t h  t h o s e  of Reference ( 7 )  r e s u l t e d  i n  s e v e r a l  p e r t i -  
nent   observa t ions .   These  are: 
o The  adc l i t i on  o f  "Fa i l -Sa fe"  capab i l i t y  to  an  ac t ive ly  coo led  Mach 6 
c r u i s e  t r a n s p o r t  d e s i g n  r e s u l t s  i n  t o t a l  s y s t e m  u n i t  area weights  approximately 
e q u a l  t o  t h e  t o t a l  s y s t e m  u n i t  area we igh t s  fo r  a hea t  sh i e lded  des ign  wi th  
redundant  cool ing systems.  
o A m a r r ~ a g e  o f  a redundant  cool ing system approach with the "Fai l -safe  
Abort"  concept  appears  possible  with  minimal  weight  impact.  An i n t e g r a t e d  
sys t em o f  th i s  t ype  wou ld  have  ou t s t and ing  ove ra l l  s a fe ty  capab i l i t y .  
o The s t r u c t u r a l  h e a t  p r o t e c t i o n  r e q u i r e d  t o  p r o v i d e  t h e  " F a i l - s a f e  
Abor t "  capab i l i t y  a l lows  a r educ t ion  i n  a i r c r a f t  h e a t  l o a d s  t o  a point  where 
normal engine f u e l  f low demands can provide more than adequate  heat  s . ink.  
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